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SUMMARY
Many modem analytical methods deal with the trace-level determination of compounds of 
interest in highly complex biomedical and environmental samples by means of 
chromatographic techniques. The introduction of a "clean" sample into an analytical 
instrument can make analyses easier and prolongs equipment life.
The use of solid-phase extraction (SPE) has grown and is a fertile technique of sample 
preparation as it provides better results than those produced by liquid-liquid extraction (LLE). 
The application of SPE can give selectivity of extraction providing a purified and 
concentrated extract. In the field of SPE techniques, trace enrichment and sample clean-up 
via the use of bonded silica cartridges and immobilised antibodies are discussed.
SPE using bonded silica has been optimised with respect of sample pH, sample concentration, 
elution solvent strength, sample volume, and elution volume. In this investigation a variety 
of non-polar sorbent cartridges were also screened. The octadecyl bonded silica cartridge 
(CIS) has proven successful in simplifying sample preparation. Although bonded phases are 
commercially available, and can be useful for broad-range screening, they do not have a good 
selectivity.
The use of immuno-extraction procedure as a novel solid phase extraction system utilizing 
immobilised antibodies has been evaluated. In the present work, it was possible to use antisera 
covalently bonded as a selective SPE and enrichment method. Several feature of sample 
preparation especially retention and elution processes are evaluated and the general 
applicability of the system is also demonstrated.
A new approach in the present method proved that chlortoluron and isoproturon could be 
retained on immuno-columns based on specific analyte-antibody interaction. Further study 
employed a buffer solution of PBS and ethanol to extract the analytes selectively from a 
variety of spiked matrices and gave a clean sample for HPLC-UV. A comparison study 
showed that, the retention was not occurring if activated silica and non-immune antibody were 
used. The method enabled the pre-concentration of a large sample volume of water (1000 ml) 
followed by elution of the analytes in 1 ml of eluent. The effect of different eluents, elution 
solvent pH, sample pH, sample concentration, and sample flow-rate were also optimised. A 
mass range of 5 to 2000 ng for chlortoluron and 5 to 500 ng for isoproturon could be 
retained and eluted, resulting in a very low detection limit using a large sample volume.
The specificity of the immuno-columns towards closely related compounds have also been 
evaluated. The columns proved to be selective if different groups of compounds are applied. 
They were reusable for more than sixty times without losing their bioactivity.
The method were optimised for water and showed good accuracy and precision day-to-day 
and within-day. They were validated with 3 different pools of spiked samples and good 
reproducibility over 6 consecutive days. The feasibility of using antibodies as a tool in sample 
preparation is now encouraging further study in environmental and biological analysis.
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CHAPTER 1: INTRODUCTION
1.1 General introduction
Due to increasing concern about toxic chemicals in the environment and workplace, it 
is becoming more important to monitor such chemicals in order to evaluate risks 
hazards and potential problems caused by exposure to toxic compounds (Moretto and 
Lotti, 1993; Winder, 1993; Oliveira and Neto, 1995). In general, samples obtained from 
biological or environmental sources are often too complex, too dilute, or are 
incompatible with the detection system to permit analysis by direct sample introduction 
(Hennion and Scribe, 1993, 1994; Poole et al., 1990 ). Therefore, an essential need for 
sensitive and selective techniques for the analysis of organic trace constituents in 
complex biomedical and environmental matrices, has been clearly recognised 
(McDowall et al., 1989; Phillips, 1989). The use of detection systems has improved the 
selectivity of the analytical procedures. As these sensitive and selective methods require 
expensive equipment, they may not be available in most laboratories. Consequently, 
sample pre-treatment procedures which can be performed in any laboratory have been 
developed to simplify analytical approaches and reduce expense. In addition, 
derivatisation reactions performed either before or after analytical techniques, have been 
used to enhance the sensitivity of an assay (Scott, 1993; Lee, 1986; Tsukioka, 1989).
Analysing trace residues of chemical components in a highly complex biomedical or 
environmental matrix is a complicated, tedious, and expensive task involving the 
following processes (Berrueta et al., 1995) :
- Sampling, sample handling, preservation, and storage.
- Sample preparation (extraction, isolation, and concentration).
- Determination, confirmation of identity, and confirmation of quantity.
From the stages given above, sample preparation is usually the most important and 
time-consuming aspect of the analytical scheme (Majors, 1995; Berrueta et al., 1995).
The results of surveys indicate that, for all respondents, two-thirds of analysis time was 
typically spent on sample preparation, requiring more time than collection, analysis, and 
data management. Another survey included questions about importance of sample 
preparation in their work, more than 90% of survey respondents indicated it was "very 
important" or "moderately important" (Major, 1990; Fritz et al., 1995) (Figure 1) .
Data management (27%)
Analysis (6%)
Collection (6%)
Figure 1 The role of sample preparation process in the total analytical scheme.
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1.2 Objectives of sample preparation
Sample preparation for analytical procedures in biomedical and environmental 
specimens can have several objectives. These include:
- removal of protein or non-protein material interfering with analyte determination.
- removal of material affecting resolution power of the analytical system.
- solubilisation of analyte to enable introduction of sample under the analytical 
conditions.
- concentration of the sample in order to improve analyte detectability at low 
concentration.
- transfer of compound to a suitable solvent.
- removal of particulate materials in order to avoid blockage of the injection system, 
tubing, valves, column or frits.
- stabilise the analyte against enzymatic degradation.
Depending on the aims of the study, a variety of techniques and devices may be used 
to achieve these requirements. The basis of sample preparation is to extract the 
analyte(s) of interest from a highly complex matrix in the most purified and 
concentrated form possible and make it easily detectable by analytical means (Hennion 
and Scribe, 1993).
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1.3 Sample preparation techniques
Sample preparation can be defined as a variety of physio-chemical operations by which 
the analyte of interest is isolated from interfering compounds. A representative sample 
is obtained followed by fractionation, concentration using appropriate extraction and 
clean-up procedures to ensure effective separation, detection, and system compatibility 
in the final analytical determination.
The selection of the techniques for sample preparation that can be utilised individually 
or sequentially is dependent on the complexity of the sample, the nature of the matrix, 
the chemical structure of the analytes, and the instrumental equipment available 
(McDowall, 1989). These include physical methods such as centrifugation, precipitation, 
evaporation, ultrafiltration, etc. which have been described in different publications 
(Stevenson, 1996; Snowden, 1994; McDowall, 1989; Beyermann, 1984; Frese and 
Mager, 1970). In the following sections, important approaches commonly used for 
sample preparation in trace pesticide analysis including immuno-extraction procedures 
developed in this work are described in detail.
1.3.1 Soxhlet extraction
In this procedure components in a solid sample are extracted using an appropriate 
solvent in order to dissolve and extract the compound of interest (Stevenson, 1996; 
Beyermann, 1984). The sample, usually soil, is placed into the extraction apparatus 
between a flask of solvent and a cold water condenser. The solvent is boiled, condenses,
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and runs down to pass through the sample. The process can be continuously repeated 
for many hours since the apparatus design allows the solvent to be circulated through 
the system. The final solution, which may contain the analyte, is then collected for 
subsequent analysis. This technique is time consuming, resulting in the use of large 
volumes of volatile solvent. Extractions performed in this way may leave the trace 
analyte undissolved in the solvent, causing inefficient extraction. Liquid-liquid 
extraction and new approaches in sample preparation such as solid-phase extraction 
(Pico, 1994; Maty ska, 1995) have resulted in this technique becoming less commonly 
used.
1.3.2 Liquid-liquid extraction (LLE)
LLE has been a method for the removal of interfering materials for many years (Dale, 
1991). It normally comprises the direct extraction of the analyte from an aqueous 
sample with an immiscible solvent. The analyte is separated by pardoning it between 
the organic phase and an aqueous phase. An equilibrium distribution is established 
between the two phases which follows the Nemst distribution law. The Nemst partition 
or distribution law states that, at equilibrium, a given analyte will always be distributed 
between two essentially immiscible liquids in the same proportions. If the partition of 
an analyte A, between an aqueous and an organic solvent is represented by:
[A]aq [^A]0Ig
Then the equilibrium distribution or partition coefficient, KD, is the equilibrium constant 
for the reversible equilibrium.
[A]0Ig /  [A J^K d 
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Where [A]^ and [A]org indicate the concentrations of analyte (A) in the aqueous and 
in the organic phase respectively. The KD is independent on the total analyte 
concentration (Stevenson, 1996; Fifield and Kealey, 1995). Therefore, if the KD of an 
analyte between an organic solvent and water is 5, after extraction of an aqueous 
solution with an equal volume of organic solvent, five times the concentration of 
analyte would be in the organic phase as compared to the aqueous layer. The partition 
coefficients are determined for a variety of solvents, and the system is selected which 
is potentially of greatest value (Fifield and Kealey, 1995). The composition of extracting 
solvent, pH value of the sample and the ratio of the volumes of the organic to aqueous 
phase will have an influence on the distribution ratio between two phases (Hennion, 
1991). The ideal extraction is where the analyte is preferentially distributed into the 
organic solvent.
The method of mixing different compositions of solvent can be manual or mechanical 
shaking (rolling, reciprocating, tumbling or hand shaking) or by vortex. The selected 
shaking procedure should ensure complete mixing of the phases for an efficient 
extraction (McDowall, 1989). The choice of the solvent depends on the relative 
hydrophobicity of the analyte to be extracted. Solvents suitable for extraction should 
have a low boiling point in order to remove them efficiently at the end of the extraction 
and a low viscosity to aid mixing with the sample matrix. Another critical factor that 
should be taken into consideration is the solubility of the aqueous sample in the organic 
solvent, which can affect the amount of co-extracted interferences in the final extract, 
resulting in a non-selective extraction.
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Although the technique may be useful, there are still no basic rules for selection of a 
solvent system for the extraction of a given analyte. Therefore, selection of a LLE 
method is still empirical. For this purpose a series of solvent systems have been 
recommended with various polarities (Beyermann, 1984). The major problem associated 
with LLE is the emulsion formation of the sample to be extracted (Thompson and 
Morphy, 1995). They are extremely difficult to break and often cannot be isolated by 
either centrifugation or ultrasonication. Emulsion formation causes loss of analyte by 
occlusion within the emulsion, resulting in lower recoveries. Other problems associated 
include the use of large volumes of toxic and inflammable solvents, contamination of 
extracts from solvents and glassware, low recovery due to degradation by heat, and 
volatilisation or adsorption to glassware.
Due to the problems associated with LLE there is a trend towards replacing LLF. by 
solid-phase extraction (SPE).
1.3.3 Solid-phase extraction (SPE) using bonded silicas
SPE is a proven, viable alternative method to LLE which can simplify both the sample 
preparation and analytical techniques (Henderson, 1991; Bengtsson e ta l, 1994; Alcaraz 
et al., 1994). The key aspect to successful extraction method development is to 
characterise the sample completely, including the compounds of interest, interferences, 
and sample matrix characteristics. The majority of solid-phase cartridges are packed in 
Luer tipped polypropylene reservoirs with 50 mg/1 ml to 10 g/60 ml sorbent 
mass/reservoir volumes, diy packed into the bottom between two fritted discs. During
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use, the extraction cartridges are mounted on a vacuum manifold which can hold 
numerous extraction cartridges for batch extraction (McDowall, 1989).
Extraction schemes are based on chromatographic principles (Matyska et a l, 1995). An 
optimised procedure should strongly retain the analyte on the sorbent phase, allowing 
isolation and clean-up followed by rapid elution in the smallest possible volume prior 
to analysis (Voogt, 1994).
There are different types of bonded silica phases available for SPE categorised on the 
basis of their functionality (Tippins, 1987; Berrueta et a l, 1995; Zief and Kiser, 1990). 
The bonded silicas are formed by the reaction of organosilanes with activated silicas. 
A subsequent reaction called endcapping, which deactivates some of the remaining 
silanol groups on the silica may be required in some cases. However, incomplete 
endcapping may cause secondary interactions in which the analyte interacts with 
unbound silica rather than functional groups, resulting in low extraction recovery. The 
porosity and particle size distribution of the packing material may also be a factor 
influencing the efficiency of the retention-elution processes. During the development 
of assays, packing materials from different manufactures, batches, and phases can have 
an effect on extraction recovery (Marko et a l, 1991). The following steps are 
important in method development for SPE (Baker, 1982):
- Classify the analyte(s).
- Determine the analyte(s) solubility.
- Determine the analyte(s) polarity.
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- Screen sorbents and elution solvents.
- Determine the sample matrix solution strength.
- Select strongest sorbent.
- Select best elution solvent.
Extensive reviews of solid-phase extraction followed by basic principles has been 
recently published (Bermeta et a l, 1995; Font et a l, 1993).
1.3.3.1 Retention mechanisms
The retention mechanisms involved in the SPE process, depend on the nature of the 
bonded silica surface (McDowall, 1994). There are different mechanisms whereby the 
analyte may be bound to the solid phase i.e. hydrogen bonding, dipole-dipole 
interactions, hydrophobic dispersion forces and electrostatic (ionic interaction) (Font et 
a l, 1993; Kaliszan, 1987). At least one of these forces will be involved during an 
interaction and will play a major role in determining the specificity of a method.
1.3.3.2 Cartridge reusability
There are a number of publications advising on the reusability of solid-phase cartridges, 
which may be reused up to ten times (Juergens, 1986; Yee, 1982). Reuse of a bonded 
phase silica may affect its selectivity due to coating of the bonded phase with 
interfering components. However, these cartridges are inexpensive and so disposal after 
a single use is not considered a significant disadvantage.
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1.3.3.3 Advantages of SPE procedure
There are several advantages of using SPE over LLE (Chang-Yuan et a l, 1993; Poole 
and Poole, 1991; Tippins, 1987). These advantages include speed of the extraction and 
the ability to use a wide variety of extraction conditions to achieve the desired 
separation. Due to the small solvent volumes required in wash and elution steps, SPE 
can greatly reduce the cost of hazardous waste disposal and the analysts exposure. The 
rigid bonded silica sorbents do not shrink or swell under different solvent conditions. 
This allows for sequential passage of solvent of different polarities through the 
cartridge. The porous nature of bonded silica sorbents provides a high surface area for 
interaction with the analyte. The high capacity of these materials allow the user to 
concentrate trace quantities of an isolate on the cartridge. This is performed by applying 
a large volume of sample to the sorbent, followed by elution of the compound of 
interest in a small volume eluent. The possibility of using cartridges for on-line systems, 
automation, and their convenience for field sampling applications thereby minimizing 
transport and storage problems, are other important SPE advantages.
1.3.3.4 Sorbent types and interaction mechanisms
In SPE, several types of phases are used according to the mechanism needed. The 
choice of phase depends generally on the chemical nature of the analyte and matrix. 
The following phases are currently being used in SPE procedures.
10
a) Reversed phases
In reversed phase systems, the sorbent is a non-polar phase and for an efficient retention 
of the compound(s), the sample solution should be polar (aqueous). Because most 
organic molecules have a non-polar or semipolar chemical structure, C18 (octadecyl) 
or C8 (octyl) and sometimes C2 (ethyl) are used to extract the compounds of interest 
(Bengtsson and Ramberg, 1995; Junk and Richard, 1988; Deans et al., 1993). In this 
mechanism, a hydrophobic interaction takes place between non-polar analytes and the 
sorbent As a result, the analyte may be retained when aqueous samples are applied. 
Elution can then be performed using an appropriate organic solvent such as acetonitrile 
or methanol.
b) Ion-exchange phases
Sulphonic acid or carboxylic acid functional groups bound to silica can be utilised to 
provide strong and weak cationic interaction, respectively. For anionic interaction, 
quaternary ammonium and secondary amine bounded phases may be used, respectively. 
These can be exploited to achieve retention of ionic analytes. Aqueous samples 
possessing a low ionic-strength with a suitable pH value, are applied to the ion- 
exchange phase. Elution can be achieved using a water or water /  organic eluent with 
high-ionic strength and/or desirable pH to neutralise either the analytes or the ion- 
exchanger so as to release the analytes.
lon-pair reagents may also be used if an ion-exchange phase does not extract the 
compound efficiently (Altenbach and Giger, 1995). The ion-pair reagents i.e. 
sulphonates or quaternary ammonium salts, interact with hydrophobic phase via their
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non-polar chains and the retention of compound occurs via their ionic sites when an 
oppositely charged analyte is applied. These reagents must be added to both the non­
polar sorbent and sample solution. Elution is performed in a similar way as described 
for the ion-exchanger and hydrophobic phases.
c) Normal phases
In this phase, a polar sorbent is used and for the ideal retention, the sample matrix 
should be non-polar (organic). Silica, alumina, or florisil sorbents may be used as 
normal phases. The recovery of extraction is often insufficient when an aqueous sample 
is applied. Elution is achieved with a solvent with higher polarity. Other normal phases 
such as cyano-, diol- and amino-bonded silicas are more suitable when highly polar 
analyte extractions are required.
d) Size-exclusion phases
In size exclusion, higher-molecular weight analytes pass through the phase without 
retention while smaller analytes enter the pores of the phase and are retained. Aqueous 
samples are usually applied and elution may also be performed with aqueous solutions. 
Removal of salt from proteins can be performed using this sorbent type (Zief and Kiser, 
1990).
e) Mixed mode phases
In bonded-phase silicas, secondary interactions with residual silanols may be used as 
a mixed mode mechanism of separation. Sorbents may also be deliberately mixed when 
secondary interactions are needed. For example, a phase containing cation exchange and
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non-polar functionalities can be desirable for extraction of small, basic analytes with a 
moderate degree of hydrophobicity, since such analytes may be retained by both phases 
(Varian Associates, 1993).
In order to obtain a desirable extraction recovery, phases can also be used unmixed in 
a single cartridge (Corica et a l, 1989). A double SPE system using two adsorbents in 
series has also been reported (Lagana et al., 1995).
1.3.4 Supercritical fluid extraction (SFE)
Supercritical fluids are used in sample preparation (Ho and Tang, 1992; Bayona, 1993; 
Kanagasabapathy et al, 1995). These fluids are useful extraction agents since the 
solvent power can be varied easily by changing the temperature and pressure. They 
have diffusion properties intermediate between those of gases and liquids, with low 
density and viscosity similar to liquids. Therefore, fast mass transfer and deep matrix 
penetration can be obtained (Jefferies and Fischer, 1995).
In SFE, the solvating power of a supercritical fluid plays the major role in the 
extraction process. Depending on the optimum pressure and temperature used, the 
analyte can be efficiently recovered. Carbon dioxide is the most commonly used 
supercritical fluid. It has a low critical temperature (310C) and pressure (72 atm.) 
(Ashraf-Khorasani, 1995), therefore thermal degradation of analytes can be minimised. 
It is non-toxic, non-flammable, relatively chemically inactive, inexpensive, and leaves 
no solvent residue (Croft et al., 1994). SFE gives a solvent-free extract since the carbon
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dioxide can be removed by reducing the pressure. The technique can be divided into 
three major steps. First, partitioning of the analyte from the matrix into the supercritical 
fluid, followed by elution of the analyte from the exfraction cell, and finally, collection 
of the analyte in the SFE trapping system (Hawthorne et al., 1993). The theoretical 
aspects of the technique have been reviewed in recent years (Camel et al., 1993; 
Bowadt and Hawthorne, 1995).
1.3.5 Microwave-assisted extraction
In recent years, microwaves have been used to prepare samples for trace analytical 
techniques (Lopez-Avila et at., 1994, 1995; Young, 1995). Microwave heating differs 
from conventional heating since the sample is heated directly rather than through the 
container. The sample, usually solid, is suspended in an organic/aqueous solution either 
in a sealed microwave-absorbing container or in an open vessel. The containers are then 
transferred to a microwave oven. In the closed container mode, microwave radiation 
heats the solvent to a temperature higher than its boiling point for a limited time 
providing a rapid extraction of analyte under moderate pressure. Polymer additives, 
vitamins in food and PAHs have been extracted from the solid samples in this way 
(Majors, 1995; Lopez-Avila et al., 1995).
In the open vessel mode, a non-microwave-absorbing solvent is used, such that the 
solvent remains unheated. However, the sample which usually contains water or other 
components absorbs the microwave radiation and the heated analytes are expelled into 
the surrounding cool liquid (organic solvent), which is selected according to its
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solubility characteristics. The sample is then removed from the container and the layer 
containing the analyte may be evaporated to dryness and reconstituted to an appropriate 
volume prior to analysis (Major, 1995). The technique has the advantage of reducing 
the volume of organic solvents used and the time required for extraction.
1.3.6 Immuno-extraction using antibody columns
In recent years, the possibility of producing antibodies, which bind to antigens 
(analytes) with high selectivity and high affinity, has made antibodies a unique tool in 
sample preparation for trace organic analysis (Dietrich and Kramer, 1995; Pichon et al., 
1996, 1995; Ginkel et al., 1992; Faqam et al., 1991; Komatsu et al., 1991; Katz and 
Bardy, 1990; Phillips, 1989). Immobilisation of antibodies potentially allows selective 
isolation of analyte and closely related compounds from a complicated matrix. When 
this procedure is combined with chromatographic techniques, the compounds of interest 
can be efficiently analysed (Farjam et al., 1991). The applicability of such an immuno- 
method system followed by the use of the procedure for trace pesticide analysis is 
described (section 1.3.6.1).
1.3.6.1 Definition, structure, type, and production of antibodies
Antibodies are a class of compounds which are made by the mammalian immune 
system and are an essential part of their body (Melchers, 1992). When foreign 
substances such as viruses, bacteria or parasites, enter the body, the immune system will 
then produce specific antibodies. These antibodies bind to the surface structures of a
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foreign substance, and thereby start other immune processes leading to the dénaturation 
of the foreign substance (Kabat, 1992). Substances which cause the production of 
antibodies are called antigens. The molecular surface structure of an antigen to which 
an antibody binds is called the antigenic determinant (epitope) (Van-Emon, 1989).
The antibody type most useful in sample preparation for organic trace analysis is the 
immunoglobulin G (IgG) (Farjam et al., 1991; Kemeny, 1991), which is quantitatively 
the major class of immunoglobulin in serum (Kemeny, 1991) and is schematically 
showed in Figure 2. Other types of antibodies include IgA, IgD, IgE, and IgM. The IgG 
molecule is a glycoprotein with a molecular weight of approx. 150,000 to 160,000 
dalton (Goers, 1993; Hermanson et al., 1992), possessing four polypeptide chains, (two 
light chains and two heavy chains). The polypeptide chains are formed from amino 
acids and two chains are held together by disulphide bridges to form a symmetrical Y- 
shaped molecule with two sensitive antigen combining sites (Roitt, 1994; Goers, 1993; 
Hermanson et al., 1992).
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Antigen binding sites
Light chain
Heavy chain
Fc portion
Figure 2 Antibody structure, Fab (fragment-antigen binding) is the area that determine 
binding to specific antigen (analyte); Fc (fragment crystalline) is the area with other 
effector functions e.g. contain carbohydrate moieties that determine binding to 
staphylococcal protein.
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According to the amino acid sequence of the IgG molecule, two regions can be 
distinguished. The constant region refers to the sequence common to every IgG 
molecule and covers over 90% of the total antibody. The remainder is called the 
variable region (Figure 2) and contains the antigen binding sites of molecules (Roitt, 
1994). The amino acid sequence in the variable region is specific to any type of IgG 
and is complimentary to the antigenic determinant of a particular analyte. The binding 
site of the antibody interacts specifically with the antigenic determinants of the analyte 
via ionic, hydrogen bonding, hydrophobic and van der Waals forces. These combined 
interactions and the geometrical suitability between antigenic determinant and binding 
site of the antibody result in a high binding energy (Oss, 1992; Phillips, 1985). Since 
the variable region is restricted in physical dimensions, the size of the antigenic 
determinant that may be bound is also limited.
When an infection resulting from an antigen occurs, the immune system affected starts 
to produce different types of IgG molecules directed against all foreign compounds. 
Each type of IgG is produced by a specific lymphocyte cell clone. The cell clones with 
the ability to produce IgG molecules make an antibody mixture which are called 
polyclonal antibodies. A polyclonal antibody may be defined as a mixture of antibodies 
possessing different molecular structures, directed against the various antigenic 
determinants of the same antigen. It offers broad specificity for an analyte and a range 
of binding affinities. A monoclonal antibody is a specific IgG derived from a single 
clone with high specificity and offers a single-binding specificity with special affinity 
(Lawrence, 1989). In this type of antibody, all the binding sites are directed by the same 
antigenic determinant, therefore, resulting in a homogeneous composition. Antibodies
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have been used for analytical purposes for many years in radioimmunoassay (RIA) and 
enzyme linked immunosorbent assay (ELISA). Due to the complicated and expensive 
approach for antibody production, monoclonal antibodies are not as commonly used for 
analytical purposes. Production of polyclonal antibodies is much easier than 
monoclonals, and can be satisfactory for sample preparation purposes (Goers, 1993).
1.3.6.2 The theory of immuno-extraction
In addition to use of antibodies in RIAs and ELIS As, it has proven possible to 
immobilise them to produce selective sorbents which might be useful in sample 
preparation (Faijam et al., 1991). Their use in the development of solid-phase extraction 
for trace analysis of organic compounds is of increasing interest (Pichon et a l, 1995; 
Rule et a l, 1994). In sample preparation, the use of immuno-extraction procedures 
depends on both the affinity and selectivity of the immobilised antibody for the 
compound of interest, through specific antibody-antigen interactions. The basic principle 
of the procedure is to immobilise an antibody by chemically binding it to an inert 
support matrix (Katmeh, 1994; Phillips, 1989). This antibody-coated matrix is then 
packed into a column and used as a solid-phase extraction cartridge. The sample 
containing the analyte is then passed through the immobilised antibody cartridge, where 
the analyte comes into contact and binds to the antibody. The analyte will be retained 
on the column while other unretained components (interferences) in the sample matrix 
pass through it. The retained analyte is isolated and recovered by breaking the antibody- 
antigen complex and collecting the dissociated analyte as it is eluted from the cartridge. 
The immuno-column can be regenerated using suitable buffer solutions. The procedures
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involved in immuno-extraction are diagrammatically illustrated in Figure 3.
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Figure 3 The sequence of immuno-extraction procedure.
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The overall reactions governing the immuno-extraction process are summarised in the 
following two equations:
Immobilised antibody + Antigen (analyte) —> Antibody-antigen complex
Antibody- antigen complex + Dissociation agent —» Free analyte
1.3.6.3 Immobilisation of antibody
Antibodies may be immobilised on solid supports in different ways, i.e. physical 
adsorption, affinity adsorption, and covalent bonding. Physical and affinity adsorption 
are not recommended if the column is intended for repeated use especially when organic 
modifiers are used as such immuno-columns can result in antibody loss. Therefore, such 
immobilisation techniques are only recommended if mild conditions are applied during 
immuno-extraction or if a new immuno-column can be used for every run. The 
columns can be manufactured by covalent immobilisation of antibodies on the surface 
of a solid-phase which minimises antibody loss (Hermanson et al., 1992; Chase, 1983). 
With this technique, a chemical group is attached to the stationary phase (activation), 
which is capable of subsequently forming a covalent bond with functional groups 
present on the antibody surface (Chase, 1983). Active groups which have not reacted 
with the antibody molecules during immobilisation, are then blocked by a hydrophillic 
group.
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1.3.6.4 Antibody-antigen interaction
The antibody-antigen interaction can be formed by multiple non-covalent bonding 
between the antibody binding sites and antigen determinant. In this interaction, multiple 
forces are involved in order of strength (i) ion attraction, (ii) hydrogen bonds, (iii) 
hydrophobic attraction, and (iv) van der Waals forces. Individually each of these forces 
are relatively weak compared to covalent bonds, however, the combination of these 
forces result in a relatively strong binding strength (Katmeh, 1994).
When the antigen determinant comes into close contact with the antibody combining 
sites, attractive forces result in retention of antigen on antibody. Four weak binding 
forces start to pull the molecules into close contact (Figure 4a). First, two ionic groups 
of the opposite charge interact with each other. When the antigen is close enough, 
hydrogen bonding can occur (Figure 4b). Hydrophobic forces can then act on the 
molecules by excluding water molecules from the intermolecular spaces (Figure 4c). 
Lastly, van der Waals forces are formed when electron clouds of the antigen binding 
sites interact with the electron cloud of the antigenic determinant of the analyte, and 
dipoles can be formed. These dipoles provide strong interactions as the molecules are 
in close proximity to each other (Figure 4d). The overall result is a high strength 
interaction between the antigenic determinant and antigen binding site (Figure 4e) 
(Phillips, 1989).
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Figure 4 Diagram of antibody-antigen interactions, (a) ionic, (b) hydrogen 
bonding, (c) hydrophobic, and (d) dipoles of van der Waals interaction forces, (e) 
strong retention as a result of combined different interactions.
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1.3.6.5 Antigen-binding capacity
The capacity of an immuno-column is dependent on the density and activity of the 
immobilised antibody. The density of immobilised antibody (amount of immobilised 
antibody (mg) /  volume (ml) or amount (mg) of stationary phase), depends on the 
surface area of stationary phase available for immobilisation of the antibody. The degree 
of immobilised antibody is affected by either antibody or phase porosity (Narayanan and 
Crane, 1990). As an antibody is a relatively large molecule, phases with small pore 
sizes (e.g. 60 A°) are insufficient for immobilisation. Large pore sizes are also 
undesirable as they reduce surface areas. Therefore, the optimum pore size must be 
determined experimentally.
1.3.6.6 Purity of antibody
The purity of an antibody is also an important parameter that may play a major role on 
the density of the immobilised antibody. Highly non-purified antisera containing large 
amounts of other proteins can result in reduced antibody activity due to co­
immobilisation of the proteins. However, a high density of antibody may be undesirable 
if many of the immobilised antibodies are inactive. Therefore, the density of 
immobilised antibody requires careful optimisation. Impurities in the antisera may also 
bond to the phase and provide support for appropriate antibody orientation.
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1.3.6.7 Amount and orientation of antibody
A high concentration of immobilised antibody can result in interantibody steric 
hinderance which can significantly reduce the availability of the antibody (Chase, 1983). 
Therefore, there will be an optimum antibody concentration that can be immobilised on 
the solid phase. The active sites of the antibodies should also remain free in order to 
allow binding to antigen-determinant. Thus, the orientation of the antibody during the 
immobilisation process must be taken into consideration (Lu et al., 1996; O’Shannessy, 
1990).
1.3.6.8 Solid support useful for immobilisation of antibodies
The type of solid support (phase) is another parameter affecting immobilisation 
efficiency. The ideal phases are those with surfaces that adsorb antibodies rather than 
other molecules via covalent bonding (Faijam, 1988). In recent years, improved coating 
and end-capping of silica phases have been reported leading to supports with useful 
biocompatibility (Narayanan and Crane, 1990). The following properties are important 
for selection of the most suitable phase (Katmeh, 1994; Chase, 1983):
- Large surface area which is mechanically stable.
- Chemically stable under immuno-extraction conditions.
- Possess a surface allowing easy antibody access.
- Surface must be inert.
- Allows easy solvent flow after packing.
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1.3.6.9 The stability of immobilised antibodies
In order to achieve optimum immuno-column stability, certain requirements must be 
fulfilled. These conditions also allow reuse of the column and are listed below.
- Regeneration of the immuno-columns after elution with organic solvent, by use of an 
appropriate buffer solution.
- Prevention of antibody leakage by increasing the number of covalent bonds between 
the antibody and stationary phase.
- Preparation of the stationary phase, such that it is chemically stable in the presence 
of large volumes of aqueous solvents.
1.3.6.10 The elution process in immuno-extraction procedure
The elution process is one of the most important steps involved in the development of 
an immuno-extraction procedure for sample preparation (Faijam, 1991; Phillips, 1989, 
1985). Ideal desorption of a strongly adsorbed analyte should utilise a solvent which 
sufficiently affects the antibody-analyte interaction so as to decrease significantly its 
affinity for the immobilised ligand, without being so severe as to cause partial or 
complete dénaturation of the antibody. Therefore, great care must be taken in planning 
the recovery phase of the immuno-extraction procedure in order to maintain the 
antibody bioactivity.
The desorption of analyte from an immobilised antibody can be achieved by a variety
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of conditions such as the introduction of excessive hydrogen or hydroxyl ions by 
altering the pH of the elution buffer (Phillips, 1989, 1985). In a similar manner, the 
ionic strength of the elution buffer can be altered by the addition of chaotropic salts 
such as sodium thiocyanate and sodium chloride. In addition, the antibody-antigen 
complex can also be broken by solutions containing polarity-reducing agents i.e. 
ethylene glycol, methanol, and ethanol. These agents act by reducing the polarity of the 
solution surrounding the antibody-antigen complex and the antigenic determinant. 
Therefore, the hydrophobic attractive forces responsible for holding the antigenic 
determinant are neutralised (Chase, 1983).
The above desorption processes are termed non-immuno-selective desorption and are 
the most effective and versatile approach. The main advantage of the method is that it 
may, in principle, be used for every type of immuno-column, provided the analyte(s) 
of interest are stable in the desorption solvent (Faijam, 1991).
In immuno-selective desorption, a large volume displacer (cross-reactant), which has a 
high affinity for the antibodies, is added to the desorption solution at a high 
concentration. The displacer molecules compete with the bound analyte molecules, and 
the large excess of displacer ensures a quantitative desorption of the analyte. The 
displacer must show a high affinity to the immobilised antibody, in addition it should 
possess a significantly different chromatographic retention time with low detectibility 
compared to the analyte in order to simplify subsequent analysis. The stability and 
purity of the displacer should also be considered, as impurities can disturb the obtained 
chromatogram (Faijam, 1991, 1988).
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1.3.6.11 Advantages of immuno-extraction procedure
The efficiency of an immuno-extraction depends on the characteristics of the immuno- 
column. A highly effective characterised column can lead to an efficient and selective 
extraction with the following advantages:
- Selectivity of the immuno-column
The column can be selective and distinguish between the analyte(s) of interest and any 
interfering components. An ideal immuno-column adsorbs the analyte(s) only and does 
not interact with other compounds present in the sample. Therefore, non-specific 
interactions should be relatively insignificant compared with the interaction between 
active groups and analyte(s). However, cross-reactive interactions may be advantagous 
for isolation of a class of compounds, which are then separated by chromatography.
- Stability and reusability of immuno-columns
An efficient characterised column is stable under all operating conditions including the 
flow rates applied. The immuno-columns can be reused many times by regenerating 
with a subsequent buffer wash, without observing any significant loss of antibody 
bioactivity.
- Breakthrough volumes on the immuno-columns
Due to strong interactions between the binding site and the analyte, the breakthrough 
volume of an immuno-column may be large (Pichon et al., 1995). Thus, a low detection 
limit can be achieved by using a large volume of sample followed by elution with a
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small volume of eluent. In this way, trace residue analysis is facilitated.
- Simplification of the final analytical methods
High selectivity and large breakthrough volumes can enable development of an efficient 
analytical method.
- Automation and cost of procedure
The cost of immuno-columns, their stability, reusability, and performance, make the 
technique economical and beneficial. As this technique is based on solid-phase 
extraction, it is also likely that the development of on-line methods and automated 
systems will be possible.
Although applications of immuno-affinity procedures are increasing, the possibility of 
producing antibodies against every analyte of interest remains under study and could 
be the major limitation associated with this technique for the time being.
1.4 Instrumental methods available for organic trace analysis
There are many techniques normally used for the analysis of trace organics such as 
pesticides. These techniques include chromatography, mass spectrometry, nuclear 
magnetic resonance (NMR), ultraviolet-visible (UV-VIS), infrared (IR) spectrometry 
(Das, 1981) and immunoassay (Fleeker, 1987; Jung et a l, 1989). The most frequently 
used technique in biomedical and environmental monitoring of trace organics is 
chromatography due to its inherent specificity, sensitivity, and selective detection
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system. (Crescenzi et al., 1995; Zoonen, 1993; Osselton and Snelling, 1993; Barcelo, 
1991; 1988; Major, 1990).
In the following, the chromatographic and non-chromatographic techniques are briefly 
described.
1.4.1 Chromatographic techniques
1.4.1.1 High performance liquid chromatography (HPLC)
The roots of chromatographic methods for the analysis of complex mixtures return to 
the introduction of chromatography by the Russian botanist Mikhail Tswett (Ettre, 
1971), who clearly recognised the significance of these techniques in quantitative and 
qualitative analysis. This was followed by extensive development of chromatography 
in the 1940’s and the introduction of HPLC in the mid-1960’s as a technique for the 
analysis of non-volatile substances (Horvath, 1994). This technique has been 
significantly applied in recent years for trace pesticide analysis (Nouri et al., 1995; 
Tekel and Kovacicova, 1993; Barcelo, 1991, Betti et al. 1990, 1988; Hoke, 1986). 
HPLC has advantages over gas chromatography (GC) for the determination of thermally 
unstable, non-volatile or very polar compounds. The covalent bonding of alkyl chains 
to the surface of silica particles and a considerable number of non-polar materials, so 
called reversed-phase packings, are used for the majority of separations performed in 
pesticides analysis. There are also several types of polar bonded phases available for 
other applications. However, for most applications of HPLC, analyses are performed on
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CIS (octadecyl bonded silica column) or C8 (octyl bonded silica column) reversed- 
phase materials. Although HPLC analysis is less flexible in its detection system, many 
attempts have been made to convert GC detection systems for use with HPLC. As 
detector technology develops to provide the sensitivity and specificity required for the 
separation of complex mixtures, HPLC analysis of pesticide residues will become more 
widely used. In order to make HPLC more sensitive, there have been attempts to 
couple sensitive detectors, for instance ECD and MS, to HPLC systems (Tomer, 1992; 
Poole and Poole, 1991). The development of new technology in chromatography i.e. 
immuno-affinity chromatography (IAC) has also increased the applicability of the 
chromatographic technique (Jack, 1994; Katz and Brady, 1990; Phillips, 1989, 1985, 
1984; Walters, 1985).
1.4.1.1.1 Type of column in liquid chromatography
On the basis of the chemical characteristics of the compound(s) to be analysed, there 
are several types of liquid chromatography available, which are briefly described in the 
following section.
a) Adsorption
In adsorption chromatography retention takes place through interaction between 
analyte(s) and the surface of the solid adsorbent. Retention depends on the polarity of 
the adsorbent and the nature of the analyte. Polar adsorbents such as Si02or A120 3 have 
affinity for polar molecules, resulting in strong retention of polar or polarisable 
molecules, while, with non-polar adsorbents (e.g. charcoal), van der Waals forces
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predominate. Elution order follows the polarity of the analyte to be separated.
b) Partition
In partition chromatography, the stationary phase is a liquid which is coated or bonded 
to a microparticulate inert support. The analytes partition between two immiscible 
solvents according to their partition coefficients. This pardtionning differs for each 
compound leading to a differential rate of migration and subsequent separation. In 
normal phase chromatography the stationary phase is more polar, while in reversed- 
phase the polarity of mobile phase is greater. Depending on the polarity, the stationary 
phase is coated or bonded on a variety of supports.
Modem HPLC methods use chemically bonded stationary phases based on silica. An 
organochlorosilane compound, containing alkylcarbon chain, is bonded to silanol groups 
by chemical reaction between them. A hydrophobic surface can be made using silanes 
containing alkylcarbon chains with 8-22 carbon atoms, but more polar surfaces may be 
obtained using other groups on the alkyl chain such as amino, cyano etc. The chemical 
reaction for bonding a group on silanol is shown in Figure 5.
S i  OH
S i  OH
+ C l  s i  R
Si  O  Si----- R
Si  O  S i------R
Stationary phase (silica) Chlorosilane R= C2 , C8, C 18, R -C N , R -N H 2, etc.
Figure 5 Reaction occurred when a group bound to silica stationary phase.
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Stationary phases with bonded alkyl chains are used for reversed-phase chromatography, 
whereas some of the more polar, chemically bonded phases may be used in the normal 
phase mode as well as in the reversed phase mode, giving more possibilities for 
selection of the appropriate chromatographic system.
c) Ion exchange
In ion-exchange chromatography, a porous polymer or silica bonded with anionic or 
cationic exchange groups is used as the stationary phase. The retention and elution of 
analytes are based on the degree of ionisation of the analyte and its affinity to the ionic 
sites on the stationary phase. The mobile phase is normally an aqueous buffer and its 
pH and ionic strength are used to control the retention of analyte(s).
d) Size exclusion
A porous polymer or silica gel with a defined pore size is used in size-exclusion 
chromatography as a stationary phase. The analytes are separated from the sample 
according to their molecular size and shape. Small molecules can enter the pores of the 
stationary phase, whilst large molecules are completely excluded from the pore structure 
resulting in a shorter retention time and tend to be eluted immediately. Size-exclusion 
chromatography may be performed in aqueous systems, known as gel filtration, where 
water soluble macromolecules can be separated or in non-aqueous systems which are 
called gel permeation.
e) Affinity
Affinity chromatography is adsorption chromatography in which immobilised
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biochemicals are used as stationary phases. These biochemicals are generally called 
affinity ligands and can consist of antibodies, enzymes, lectins, etc. This technique has 
been developed with the aim of gaining a high degree of selectivity, due to the 
exceptional ability of biologically active substances to bind specifically and reversibly 
to complementary substances. In this way, specific molecules can be isolated from 
complex mixtures of biological or environmental samples. Affinity chromatography 
represents an appropriate method not only for the separation of biologically active 
compounds but also for the concentration of dilute sample solutions such as protein, 
antibody, pesticides etc. (Hock et al., 1995; Jack, 1994; Geoffrey et al, 1992; Walters, 
1985).
1.4.1.1.2 Detection in HPLC
In biomedical and environmental analysis the determination of analytes at low 
concentration levels in complex matrices is frequently required. The choice of 
appropriate detector and use of methods for the enhancement of sensitivity have been 
reviewed (Bruckner et al., 1994). It must, however, be kept in mind that, the whole 
chromatographic system has an influence on the sensitivity that may be achieved with 
a given liquid chromatographic analysis.
Ideally, the detector should meet as many as possible of the following requirements. 
High sensitivity, desirable selectivity, a wide linear range, a response that is independent 
of the mobile phase, fast response, easy to use, and low cost (Willett, 1987). None of 
the detectors available today meet all these requirements, but several come sufficiently
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close and thus widely used. In the following, the more commonly used detectors will 
be discussed.
a) The ultraviolet detector (LTV)
The principle is that, mobile phase from the column is passed through a small flow cell 
held in the radiation beam of a UV photometer. The compound(s) may then absorb UV 
radiation giving a response to the detector (Lindsy, 1989). The UV detector is probably 
the most frequently used today and is available as a variable and fixed wavelength 
spectrophotometer. The variable wavelength detector is the more versatile, and gives the 
possibility of detection at the most favourable wavelength for the given sample, which 
is not always possible with a fixed wavelength detector. The great limitation of the UV 
detectors is that they are restricted to UV absorbing compounds. However, a large 
number of biochemically and environmentally important substances absorb UV light and 
this detector may thus be the first choice for general chromatographic work, unless the 
detector is chosen for a specific application (Lindsay, 1989; Smith, 1988).
b) The fluorescence detector
In this detector, fluorescent radiation is emitted by the compound having already 
absorbed UV radiation. Therefore, the compound(s) must have the capability of 
absorbing UV radiation and the subsequent emission of fluorescent radiation. This 
detector is widely used in biochemical analysis (Deyl, 1984; Holme and Peck, 1993). 
Derivatives can also be formed to produce or enhance fluorescence. This type of 
detector may be more sensitive than the ultraviolet detector for favourable compounds 
(Smith, 1988).
35
c) The electrochemical detector (EC)
Electrochemical detectors measure either the eluent conductivity or the current 
generated by oxidised/reduced compound(s). Therefore to change the conductance of 
the mobile phase, the analyte(s) should be ionic and/or relatively easily 
oxidised/reduced. Electrochemical detectors have shown great utility for a number of 
applications (Hansen, et al, 1984). The limitation of this detector is that the mobile 
phase must be electrically conductive. This causes the detector to be impracticable to 
use for many normal phase chromatographic systems. The mobile phase flow rate may 
affect detector response and the electrodes may also become contaminated, causing a 
deterioration of detector response. Therefore, the electrochemical detector is less 
commonly used than the ultraviolet and fluorescence detectors (Wang, 1992; Hansen 
et aL, 1984).
d) The refractive index detector (RI)
In this detector, the difference in refractive index between the eluent containing 
analyte(s) and a pure reference mobile phase is measured (Lindsay, 1989). The detector 
is not very sensitive, however, it is almost universal and can be used in situations where 
other detectors fail to detect the compounds of interest. Variations in temperature may 
affect the detector response and so should be considered and controlled (Fifield and 
Kealey, 1995). To avoid this problem, the detector must be kept thermostated. It is not 
useful in trace analysis.
e) Mass spectrometry (MS)
The high resolution of liquid chromatography coupled with the high specificity and
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sensitivity of the mass spectrometer (LC-MS), tends to be a very useful technique for 
the analysis of a wide range of analytes in complex matrices. It is finding increasing 
use in the monitoring of environmental and biomedical samples (Tomer, 1992) . 
Although this detector can be the most sensitive system for use in HPLC, there are 
some practical problems associated with its adaption (Smith, 1988). The difference in 
the operating phase of HPLC i.e. liquid under pressure and mass spectrometry which 
is gas at high vacuum is a strong barrier to coupling the HPLC to MS (Tomer, 1992). 
Ideally, the solvent should be removed followed by analyte(s) measurement only. 
Evaporation of the eluent swamps the vacuum in the MS causing problems in the 
system. However, the technique and instrumentation is improving.
f) Chemilumiscence detector
Emission of light by chemical reaction is called chemiluminescence and can be used as 
a tool for detection of an analyte(s) in HPLC. In chemiluminescence, an excited-state 
intermediate is produced by chemical reaction, whilst in fluorescence detection such 
intermediates are produced by absorption of light. Therefore, the lack of a light source 
as an interfering background can be a major advantage making chemiluminescence more 
sensitive than fluorescence. This type of detector has been increasingly used because 
of its ability to detect low concentrations and its selectivity (Bruckner, 1994).
1.4.1.2 Gas chromatography (GC)
Early investigations on gas-adsorption chromatography (GSC) were performed during 
the 1940s (Ettre, 1975) followed by the introduction of gas-liquid (partition)
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chromatography (GLC) in 1952 (Novotny and Wiesler, 1984). Gas chromatography has 
gained significant acceptance in analyses of complex samples in medicine, biology, 
environment and industrial field. In GLC, a gaseous mobile phase transports the 
analyte(s) through a column containing the liquid stationary phase. The analyte should 
interact with the liquid phase, coated on solid support, resulting in its retention. For 
GSC, the stationary phase is a solid and adsorption plays the major role in retention of 
the analyte of interest. Samples are introduced into the gas flow via an injection port 
located at the top of the column. A continuous flow of gas elutes the components from 
the column in order of increasing distribution ratio, and they then pass through a 
detector connected to a recording system.
GC has frequently been used for the trace analysis of pesticides (Scott, 1993; Tsukioka 
and Murakami, 1989; Lee et al., 1986) presenting a simple, fast, and sensitive approach 
to resolving a complex mixture. However, it has limitations when samples are not 
volatile and/or thermally unstable at operating temperatures (approx. 200°C). To 
increase the range of compounds analyses, derivatisation of the compound can be 
carried out (Wang and Huang, 1989; Tsukioka and Murakami, 1989; Allender, 1990; 
Cline et aL, 1990; Nagan and Lkeskaki, 1991;). Although there are highly sensitive 
detection systems available such as the mass spectrometer, the cost of the detector tends 
to limit its routine use.
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1.4.1.2.1 Type of GC column
a) Packed columns
These type of columns rarely exceed 1 to 3 metres in length with 2 to 4 mm internal 
diameters. The columns are made of copper, stainless steel or glass, the latter being 
more inert to thermally sensitive analytes and providing visual observation of the 
packed bed (Smith, 1988). GLC columns are filled with an inert porous granular solid 
support coated with a thin film of liquid phase. In GSC, the columns are packed with 
a solid stationary phase possessing adsorbent properties. Although packed columns do 
not show high resolving power compared to capillary columns, they are cheap, robust, 
and give high sample capacity allowing the use of a simpler injection system. Their 
popularity has reduced steadily in recent years as capillary columns have improved with 
their high efficiency enabling them to separate the majority of sample components.
b) Capillary (open tubular) columns
Capillary columns or open tubular columns have become the most commonly used 
because of their high resolving power compared to packed columns (Novotny and 
Wiesler, 1984). The length of the columns are usually 5 to 50 metres with internal 
diameters of between 0.05 mm and 1.0 mm and outer diameters of 0.3 to 1.5 mm. The 
liquid stationary phase is coated or bonded (0.1 to 5 pm thick) onto the internal surface 
of high-purity fused silica capillaries. The exterior of the tube is coated with a layer 
of polyimide or aluminium as a protection against cracking or scratching. The 
unrestricted flow of carrier-gas through the centre of capillary columns results in a 
much smaller pressure drop per metre than for packed columns. Therefore, they are
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made much longer in order to give higher efficiencies than the conventional packed 
columns.
Although capillary columns are more expensive than packed, their lifetime can be 
extended and performance improved by chemically bonding the stationary phase to the 
wall of the tubing (Novotny and Wiesler, 1984). Therefore, bonded phase columns are 
commonly preferred. The different polarity stationary phases available can also facilitate 
the application to environmental and biomedical samples.
1.4.1.2.2 Detection in GC
The detection system should monitor the carrier-gas as it emerges from the analytical 
column and respond to changes in its composition as analytes are eluted. In the 
following, the different detectors used frequently in GC are briefly discussed.
a) Flame-ionisation detector (FID)
FID is probably the most widely used detector in GC analysis. Carrier gas is mixed
with hydrogen and oxygen, and burned in the detector causing ionisation of the
molecules in the flame at a small metal jet (negative electrode). Molecules are ionised,
resulting in a current flow between two polarised electrodes (potential deference is
approx. 200 v) (Fifield and Kealey, 1995). Although for a carrier gas, there will be a
constant degree of ionisation, as the carrier gas containing analyte(s) enters the detector,
the degree of ionisation will change and the resulting changes in current can be
monitored. FID has very high sensitivity and a very wide linear range compared to
other detectors in common use (Fifield and Kealey 1995).
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b) Thermal-conductivity detector (TCD)
TCD is a universal detector that responds to the changes in thermal conductivity 
between pure carrier gas and its composition as analytes are eluted. In this detector, a 
constant voltage is applied to elements located in separated cells, so called reference 
and test cells, resulting in a heating effect. As only carrier gas flows through the 
reference cell, the heat and its resistance will be constant The heat lost from the test 
cell will, however, vary with the gas composition containing analyte(s) and the resulting 
change in resistance can be measured. Although the thermal conductivity detector is 
robust and reliable, it does not show a desirable linear response to increasing amount 
of analyte which may not be suitable for quantitative work.
c) Photoionisation detector (PHD)
This detector contains a powerful lamp which produces monochromatic radiation in the 
ultraviolet (UV) region. Compounds possessing an ionisation potential around UV 
radiation can be ionised on passing through the beam. The ions formed are moved to 
a collector electrode by an electric field affecting the background current. The changes 
in current can then be measured. The advantage of PID over FID is the possibility of 
enhancing the response for unsaturated and aromatic compounds, which absorb 
ultraviolet light. Therefore, by using PID, aromatic compounds such as benzene or 
toluene can be identified in a complex hydrocarbon mixture. It is also possible to utilise 
lamps with higher energies in order to enable the detection of some compounds that 
have a poor FID response, such as formaldehyde (Smith, 1988). However, the detector 
is more expensive than the FID which may limit its use.
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d) Flame-photometric detector (FPD)
In a FPD, phosphorus or sulphur containing compounds are burnt in a hydrogen-air 
diffusion flame, exciting them to a higher energetic state. The excited molecules then 
return to the ground state followed by band emission. The emission intensity can be 
monitored by an optical filter connected to a photomultiplier tube. Sulphur emission at 
392 ran and phosphorus emission at 562 nm are selected by means of appropriate 
narrow bandpass filters. (Beyermann, 1984). Although the FPD is selectively used for 
sulphur and phosphorus compounds, appropriate changes in flame conditions can make 
the detector applicable for other elements (Poole and Poole, 1991).
e) Electron-capture detector (BCD)
This detector is based on the ionisation of the nitrogen carrier gas by means of a p- 
emitting radioisotope. The ionisation source, usually 63Ni or 3H (tritium), is held in a 
chamber through which the carrier gas flows. The released electrons, so called "free 
electrons", form a steady current flowing between two polarised electrodes under an 
applied potential difference of 20 to 50 v. By changing the composition of carrier gas 
electrophilic compounds such as halogens, sulphur, nitrogen or oxygen can capture 
some of the electrons (Holme and Peck, 1993), thereby, the current intensity is reduced. 
Current reduction depends on the chemical characteristics of the analytes and their 
concentration. The degree of ionisation of the carrier gas containing analytes is then 
monitored as changes in the resulting current.
The BCD is particularly useful for analysis of halogen-containing pesticides which can 
be detected at low level (Barcelo, 1991; Tekel and Kovacicova, 1993). In sample
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preparation processes the use of halogenated solvents should be avoided as residual 
traces can easily be detected by ECD. The carrier-gas must also be exceptionally pure.
f) Nitrogen-phosphorus detector (NPD)
NPD is also known as the thermionic ionisation detector (HD) or alkali flame ionisation 
detector (AFID). The NPD is a modified FID which can be used selectively for 
detecting phosphorus and/or nitrogen compounds. In NPD, an alkali source is located 
between the polarised jet and collector electrode. A three-way switch system is used to 
adjust the detector to the nitrogen-phosphorus, phosphorus and nitrogen modes. The first 
mode is used for detection of either nitrogen or phosphorus compounds and the last two 
modes are used to detect the phosphorus and nitrogen respectively.
According to the detection mechanism, by heating the rubidium-silicate (alkali salt), 
metal ions (Rb*) are formed during gas-phase ionisation and a steady electron flow to 
the positive collecector electrode is produced. This current can be enhanced when 
nitrogen or phosphorus compounds are eluted as they form radicals in the flame. The 
resulting current is measured by an electrometer in the detector. However, if the alkali- 
metal is not electrically heated the detector response will be the same as a FED.
g) Mass spectrometry (MS)
The MS detector is one of the most valuable detectors, analysing separated samples in 
their vapour form. After the chromatographic separation process, on entering the 
detector the vaporised sample is ionised by electron bombardment and are separated 
by a magnetic field resulting in a spectrum. Samples applied in GC are in the vapour
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form, facilitating its link to MS (Holme and Peck, 1993). GC-MS has the ability of 
providing information on the molecular formula and structures of analytes present in the 
sample. However, the mass-spectrometer system is expensive and may be used 
preliminarily for research studies rather than routine determinations. However, in some 
areas including the separation of complicated samples, such as environmental pollution 
monitoring and drug testing of athletes, they are widely used to ensure positive 
identification of any trace components in the sample.
1.4.1.3 Thin layer chromatography (TLC)
TLC involves the separation of analytes on thin layer plates covered with an adsorbent. 
Individual analytes are separated by virtue of their different affinity for the adsorbent, 
partitioning between the thin layer and a solvent migrating along the plate. Analytes are 
detected as separate spots on the plate. This can be achieved quantitatively under UV 
light, or by densitometry after reagent spraying. Some groups of analytes which are not 
amenable to analysis by GLC may be analysed by this technique. Some determinations 
of organochlorine pesticides in water by quantitative TLC after extraction with CIS has 
been reported (Prapamontol, 1991). High performance TLC (HPTLC), so called modem 
TLC, using a spotting sampler, reversed phase CIS plates, and a sensitive densitometer 
allow the detection of several pesticide groups OCPs, OPs and carbamates with 
detection limit from 10-50 ppb in fruits and vegetables (Gardyan, 1990).
However, the simplicity of conventional TLC and low expense have made the technique 
frequently used. HPLC is usually preferred due to the quantitation, separating power
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(efficiency), sensitivity, choice of stationary phase, and ease of automation (Poole and 
Poole, 1995), which are important criteria for the development of trace residue analysis. 
Therefore, TLC has been used as an initial screening procedure showing the presence 
or absence of a substance in a sample.
1.4.2 Non-chromatographic techniques
1.4.2.1 Immunoassay
The increased use of chromatographic techniques by analytical chemists has been 
paralleled by the development of immunoassay methods by clinical chemists (Van- 
Emon, 1989; Katmeh et a l, 1994; Gumming, 1995; Franck et a l, 1995). Immunoassay 
was introduced some 35 years ago (Yalow and Berson, 1959) and was rapidly exploited 
by clinical chemists for sensitive and specific analysis of hormones, proteins, peptides 
and drugs. The achievements of immuno-chemical procedures in the clinical area have 
been transferred to the area of organic residue analysis such as pesticides (Knopp, 1995; 
Meulenberg and Stoks, 1995; Van-Enion, 1989; Jung et al, 1989).
Immunoassay is an analytical technique for detection and measurement of an analyte 
using the specific interaction between an antibody molecule and an antigen or analyte. 
To measure the analyte, it is conjugated to a suitable label (i.e. a radioisotope, enzyme, 
chemiluminescent, or fluorescent tag) that can be used to identify and quantify the 
analyte in sample. The principles of immunoassay are summarised by the following 
equation in a competitive system.
known amount
** Ab Ag* + Ag!
#  Ab Ag + Ag
unknown amount
As the equation shows, competitive binding is performed (Walker, 1977; Ekins, 1991) 
and the analyte (Ag) in the sample competes with a fixed amount of labelled analyte 
(Ag*) for a limited number of antibody binding sites (Ab). After incubation, i.e. when 
equilibrium is reached, the antibody bound fraction and the unbound or ’free’ fraction 
are separated from each other. The amount of the label associated with either the bound 
or free fraction is then measured. The distribution of the labelled analyte (Ag*) between 
the bound and free fraction can then be related to the amount of antigen present 
Therefore, standard curves can be constructed and unknown concentrations of analyte 
are determined.
Therefore, the main requirements for development of an immunoassay consist of an 
antiserum with desirable specificity towards the analyte of interest and a detectable 
component tagged on the analyte. An appropriate phase separation technique should also 
be developed when an immunoassay is performed (Katmeh, 1994).
Although there are some advantages associated with immunoassays such as less sample
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preparation, large number of samples running at once, and high sensitivity, the major 
disadvantage of immunoassays is that, they are generally optimised for one specific 
compound or a few very similar analytes and thus multi residue analysis is not possible. 
The assays usually do not give as good precision as HPLC and GLC. Therefore, 
immunoassays are mostly considered when a specific test is needed. Whereas, 
chromatographic techniques are preferred for samples containing several analytes of 
environmental or biomedical interest. It may be more feasible to manipulate GC and 
HPLC conditions by varying the mobile phase, column type and detector in order to 
develop a method for a range of analytes possessing the same functional groups (Van- 
Emon, 1989).
1.4.2.2 Electrophoresis
Electrophoresis is an analytical technique based on the differential migration of 
electrically charged ions (analytes) in an electrolyte solution under the influence of an 
applied electric field. This method can be applied for the separation of samples, 
possessing ions or ionisable groups. The sample is dissolved in an appropriate buffer 
solution as electrically charged species, either as cations or anions and any supporting 
medium can also be saturated with buffer to conduct the current The sample can also 
be applied as a small zone to the supporting medium. In zone electrophoresis, a wide 
range of supporting media are used such as sheets of adsorbent paper or cellulose 
acetate membrane, a thin layer of silica or alumina, and gels of starch, agar or 
polyacrylamide. The technique differs from chromatography due to the use of single 
phase i.e. the buffer solution which should remain stationary on the supporting medium
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and the electric current governs the movement of the analytes.
Depending on the ionisation of molecules and the pH of the buffer, they will migrate 
either to the cathode or to the anode under the applied potential. Molecules with similar 
charges may also migrate separately if they have different molecular sizes and shape 
due to different frictional forces (Fifield and Kealey, 1995). High field strengths are 
required for efficient separations and the subsequent heating due to the buffer resistance 
to current flow results in large amounts of heat being produced. Heating of the 
electrophoretic medium causes problems especially for samples which are not thermally 
stable such as proteins. The rate of diffusion of the sample and buffer ions can also be 
increased, resulting in broadening of the separated sample (Wilson and Walker, 1995). 
The samples are then located by staining with an appropriate dye. Quantitative analysis 
can be performed by scanning densitometry when the stained gel track is passed over 
a beam of light (laser) and measuring the transmitted light (Wilson and Walker, 1995). 
Non-polar compounds may be given weak charges using intermediate derivatisation 
(Wilson and Goulding, 1986).
Electroosmosis, known as electroendosmotic flow, is a phenomenon caused by the 
presence of charged groups on the surface of the supporting medium. These groups 
induce an opposite charge in the buffer solution (Holme and Peck, 1993). If the surface 
charge is negative then there will be an electroendosmotic flow, movement of buffer 
ions, towards the negative electrode which will also affect neutral molecules which 
would normally be expected to remain at the point of application of the sample. 
Although this flow is not considerable, however, it may restrain the movement of some
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of the sample ions with lowest mobility (Braithwaite and Smith, 1985).
In capillary electrophoresis (CE) which is also referred to as high performance capillary 
electrophoresis (HPCE), free solution capillary electrophoresis (FSCE), and capillary 
zone electrophoresis, instead of supporting media, narrow-bore tubes (normally 50-100 
Jim i.d. and 10-100 cm length) are employed (Wilson and Walker, 1995; Braithwaite 
and Smith, 1995; Holme and Peck, 1993). Capillaries allow the heat produced to be 
dissipated, allowing the use of high voltages. Therefore, sample components introduced 
into the capillary can be efficiently separated due to their different electrophoretic 
mobilities, charge to mass ratios of analytes, followed by detection using an UV 
detector. This technique can be used to separate a wide range of biomedical molecules 
including amino acids, peptides, proteins, and nucleic acids (Wilson and Walker, 1995; 
Brumley, 1995; Mesaros et aL, 1993). Although the technique is not in popular use for 
pesticide residue analysis, some applications have been reported (Mechref and Rassi, 
1996; Aguilar et aL, 1993; Farran and Hemanz, 1993) and the usefulness of the method 
has been discussed (Conaway, 1991).
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CHAPTER 2: PESTICIDES
2.1 General considerations
Pesticides are described as any substance or mixture of chemicals used for preventing, 
destroying, and controlling insects, weeds, animals and vectors of disease. Pesticide is a 
generic name for a variety of agents which are usually classified on the basis of their pattern 
of use and organism killed (Ecobichon et aL, 1991).
The expansion in world population demands an increase in food production, attention to 
public health and protection of the environment. With the successful control of pests by 
chemical compounds, there has been a steady increase in the development of synthetic organic 
pesticides. However, the use of pesticides can have an adverse effect on human health and 
so there is great concern in minimising the residues in soil, air, water, food, human tissues, 
and the food chain. The beneficial and adverse effects in using pesticides should also be taken 
into consideration and balanced.
2.2 The use of pesticides
Approx. 600 active ingredients are currently used as pesticides, as listed by the pesticide 
manual (Worthing and Hance, 1991). Information on the global production and uses of 
pesticides is difficult to obtain, though sales data is widely available. It has been estimated 
that, world production of formulated pesticides increased from approx. 400,000 tones in 1955 
to over three million tones in 1985 (WHO, 1990). In 1985, herbicides, insecticides, and
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fungicides represented 46%, 31%, and 18% respectively, of all pesticides used. Western 
Europe, the USA, and Japan used 75% of the total pesticides used in the world (Moretto and 
Lotti, 1993). Africa with an increase of 182% between 1980 and 1984 has the fastest growing 
pesticide market followed by Central and South America with a 32% increase, Asia had a 
28% increase, and the eastern Mediterranean region a 26% increase (WHO, 1990).
During the period 1980-83, European countries including the UK, reported pesticide 
consumption in the region of 14 x 10^ kg per year (Barcelo, 1993, 1991). Herbicides 
represent more than half of all pesticides used in the agricultural countries of North America 
and Europe (Tekel, 1993). The use of pesticides in general has resulted in increased 
availability, improved quality and reduced prices of a large number of agricultural products. 
Modem agriculture depends heavily on the use of pesticides. Without them, agricultural 
production would drop by 30-50% (Weisenburger, 1993).
2.3 The need for monitoring pesticides
In recent years, public awareness of the health effects of chemicals and the monitoring of 
human exposure to them has risen considerably for a variety of reasons. In the occupational 
situation, it is necessary to monitor the amount of pesticide an individual is exposed to in 
order to protect worker health (Lynge, 1993; Morgan et aL, 1980; Poland and Smith, 1971).
Humans may also be exposed to pesticides through environmental routes. Substantial 
quantities of pesticides become airborne and may dissolve in surface water during and 
following spraying operations (Schusser, 1990; Kauppinen et aL, 1993). Therefore, the air
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breathed by humans and drinking water are both contaminated environmental sources of 
pesticides. Additionally soil may also be contaminated (Harvey et aL, 1980). Due to heavy 
use and the dramatic increases in agricultural production of pesticides, it is becoming 
increasingly important to monitor, measure and control such chemicals in order to evaluate 
risk hazards and potential problems which could be caused by exposure to these compounds 
(Chester, 1993; Johnson et aL, 199; 1 Libich et aL, 1984).
2.4 Classification
Pesticides can be classified in a number of ways. The first classification system is according 
to their mammalian toxicity as suggested, by WHO (1988) (Table 1).
Table 1 Classification of pesticides according to hazards
Rat LD50 (mg/kg body weight)
Oral Dermal
Class Solids* Liquids* Solids* Liquids*
Extremely hazardous <5 <20 <10 <40
Highly hazardous 5-50 20-200 10-100 40-400
Moderately hazardous 50-500 200-2000 100-1000 400-4000
Slightly >500 >2000 >1000 >4000
* The terms "solid" and "liquid" refer to the physical state of products and formulations
Pesticides can also be classified on the basis of their chemical structure or according to the
52
target pest, i.e. herbicides, insecticides, fungicides, etc. (Plestina, 1984).
2.4.1 Herbicides
A herbicide in its broadest definition is any chemical capable of either killing or severely 
injuring plants and may be used in the elimination of plant growth, or the killing of plant 
parts (Jager, 1983). Herbicides may be classified further according to the chemical structure, 
the type and time of application, and the mechanisms of toxicity (Ecobichon et al., 1991).
Classification of herbicides by chemical structure is uncommon due to an overlap of 
biological effects for a variety of chemical structures. Another method of classification 
depends on how and when the agents are applied. Herbicides that are applied to the soil 
before a crop is seeded are called "preplanting herbicides". "Preemergent" pesticides are 
applied before the appearance of unwanted herbs. Herbicides that are applied after 
germination of crops or weeds are termed "postemergent herbicides". Plant biochemists also 
classify herbicides on the basis of their mechanism of toxicity in plants (Ecobichon et al., 
1991).
2.4.2 Insecticides
Insecticides are used to destroy harmful insects and act by poisoning the nervous system of 
the target organisms. The chemical structure of insecticides are based on three dimensional 
shape and configuration in order to obtain specificity toward a unique biochemical or 
physiological feature of the nervous system of insects. The mechanisms of action can be
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similar in all species, however, the level of exposure and duration (dosage) determines the 
intensity of biological effects. In order of effectiveness on the target system, insecticides can 
be classified as organochlorine, organophosphates, organosulphurs.
2.4.3 Fungicides
Such agents are applied to kill fungus in agriculture. The basic chemical structure of many 
fungicides involve simple inorganic compounds i.e. sulphur and copper sulphate, through to 
aryl and alkyl-mercurial compounds, chlorinated phenols, and metal-containing derivatives of 
thiocarbamic acid. Fungicides may be classified according to mode of action as protective, 
curative, or eradicative (Ecobichon et aL, 1991). Ideally, a fungicide should show low toxicity 
to the plant and high toxicity to the particular fungus.
2.5 Herbicide used in this study
2.5.1 Chemistry, properties and uses
The herbicides used in this study have been described in the Pesticide Manual and Handbook 
(Worthing and Phill, 1983; Worthing and Hance, 1991; Hayes and Laws, 1991) and were as 
follows:
a) 2,4-D
2,4-D is a phenoxyacetic acid herbicide (2,4-dichlorophenoxyacetic acid) (Figure 6). 2,4-D 
is a colourless powder, m.p. 140.5°C; v. p. 53 Pa at 160°C. It is soluble in water (620 mg/L
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at 25°C), aqueous alkali, alcohols, diethyl ether, and insoluble in petroleum oil. 2,4-D esters 
are insoluble in water but soluble in alcohols. It is a relatively strong acid (pKa 2.64). 2,4-D 
salts and esters are systemic herbicides and are widely used for weed control in cereals.'The 
effects of its salts on plant growth were first described by P. W. Zimmerman and A. E. 
Hitchcock (Worthing and Phill, 1983).
MCPA is another phenoxyacetic acid herbicide (2-methyl-4-chlorophenoxy acetic acid) 
(Figure 7). MCPA is a colourless crystalline solid; m.p. 118-119°C v.p. 200 JiPa at 21°C 
(pKa 3.07). It is soluble in water at room temperature (825 mg/L), and its esters are readily 
soluble in organic solvents. MCPA is a systematic hormone-type selective herbicide. It can 
be readily absorbed by leaves and roots, and may be used for control of annual and perennial 
weeds in cereal, grassland and turf. Its effect on plant-growth was described by R. E. Slade 
(Worthing and Phill, 1983).
COOH
Cl
Figure 6 The chemical structure of 2,4-D
b) MCPA
COOH
CH 3
Figure 7 The chemical structure of MCPA
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c) Chlortoluron
Chlortoluron is a phenylurea herbicide, 3-(3-chloro-4-methylphenyl)-1,1 -dimethylurea (Figure
8). It is a colourless powder m.p. 147-148°C v.p. 17.3 pPa at 20°C, and is soluble in water 
(70 mg/L at 20°C). It is effective in controlling grasses and weeds in cereal crops. 
Chlortoluron can be used as a postemergance herbicide and may be combined with other 
herbicides to improve the control of weeds. The herbicidal properties of chlortoluron were 
described by Hermite Y  L et a i  (Worthing and Phill, 1983).
Figure 8 The chemical structure of chlortoluron
d) Isoproturon
Isoproturon is also a phenylurea herbicide, 3-(4-isopropylphenyl)-1,1-dimethyl urea (Figure
9). It is a colourless powder m.p. 155-156°C; v.p. 3.3 gPa at 20°C. It is soluble in water (55 
mg/L at 20°C) and most organic solvents. Isoproturon is stable to light, acid and alkali. It is 
effective for annual control of grasses and weeds in barley, rye, and wheat.
Figure 9 The chemical structure of isoproturon
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2.5.2 Mode of action
The mode of action includes the complete sequence of interactions between a herbicide and 
a crop resulting in weed death. The interactions taking place during plant injury are referred 
to as herbicide uptake, including application, retention, and adsorption; movement, including 
penetration, translocation; and metabolism (Cobb, 1992). Herbicides kill unwanted plants by 
inhibition and/or disruption of a variety of plant life processes i.e. respiration, photosynthesis, 
protein synthesis and lipid synthesis (Sagar et aL, 1982; Moreland, 1977).
2.5.3 Toxicology
Toxicology is the study of the toxic effects of chemical and physical agents on living systems 
in order to monitor, measure and control such agents. Toxicological evaluation of a pesticide 
is vital for the safety of man and animals. The widespread use of pesticides during the past 
two decades have led to public concern of their effects on human health and the environment 
(Hayes and Laws, 1991). In the following, aspects of pesticide toxicology are described in 
more detail.
2.5.3.1 Absorption
Herbicides may be absorbed via three main natural routes, oral, respiratory, and dermal. 
Exposure may occur by more than one route, therefore, the importance of route of exposure 
of a particular herbicide should be determined. Oral and respiratory absorption are most 
common, however, a number of individuals have become ill or even killed by exclusively
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dermal absorption of pesticides (Hodgson et aL, 1991).
2.5.3.2 Distribution
The blood plays the most important role in distributing the majority of chemicals regardless 
of the route of entry. Many pesticides reach concentrations in the blood higher than their 
solubility in water. Distribution of the herbicide in body tissue depends on blood flow rate 
to the tissue, the mass of the tissue, the ratio of equilibrium concentration of the herbicide in 
a particular tissue compared to the blood, and the dosage. The most critical factors in 
herbicide distribution are the blood flow rate which determines the initial distribution, and the 
tissue affinity for the compound (Hodgson et aL, 1991).
2.5.3.3 Storage
Upon a herbicide entering the body, the time taken from entry to its excretion may be 
considered as a storage period. The storage of a compound in a living organism is not static 
and compounds may differ in their affinity to the tissue they are stored in. However, some 
pesticides may be stored for considerable time. Chemicals that are stored in bones (e.g. 
metals) are excreted very inefficiently and consequently, may be stored for long periods of 
time (Hodgson et aL, 1991). However, pesticides are not significantly found in the bone 
(Levine, 1991).
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2.S.3.4 Excretion
Many pesticides, and their metabolites are water-soluble and are therefore easily excreted. The 
metabolites of pesticides are more water-soluble and may be excreted easier. The elimination 
of absorbed herbicides may occur in different ways i.e. expired air, urine, faeces, milk and 
dermal secretions.
2.5.3.5 Toxicity to man
The use of pesticides presents a potential problem due to toxicity. Pesticides are the only toxic 
chemical deliberately introduced into the environment (Dinham, 1993) and so great care 
should then be taken when they are used. The individuals most affected are those with direct 
contact, including workers who manufacture, and formulate pesticides, pilots, and farmers 
(Harvey, 1980). Most people exposed to pesticides complain of headaches, dizziness, 
vomiting, abdominal pains, diarrhea, and respiratory complications. In the following sections, 
environmental and occupational exposure are considered.
2.5.3.5.1 Environmental exposure
The majority of pesticides are chemically stable in the environment due to large numbers of 
strong C-C, C-H, and C-Cl bonds in their molecular structure which also make them 
chemically inactive under normal environmental conditions (Hassail, 1990). As a result, trace 
levels of organochlorine herbicides can be found in air and surface waters including rain and 
sea. The solubility of pesticides in water is an important physicochemical feature which cause
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them to dissolve in surface water thereby increasing human and animal environmental 
exposure. Aerosols may be produced when pesticides are sprayed and are another important 
route of human exposure. Therefore, the respiratory tract is one of the major routes of 
environmental exposure to pesticides.
2.5.3.S.2 Occupational exposure
Pesticides are often applied by farmers using poorly maintained equipment, inefficient hand- 
sprayers, inadequate protection, and with insufficient training and education. Moreover, 
worker exposure to pesticides is rapidly growing due to agricultural development. Respiratory 
and dermal contact by workers with pesticides is considered the main route of exposure. 
Dermal exposure is generally greater than respiratory exposure (Libich, 1984; Mathias and 
Morisson, 1988).
The formulation, concentration, method of application, duration of application, type of work, 
wind, and attitude of the worker may influence the level of worker exposure. Due to these 
different parameters, the level of pesticide exposure of a worker doing the same work 
applying a given pesticide may differ. The oral exposure of workers has not been considered 
as an important route of pesticide absorption. However, if workers keep food near the work 
area and/or do not care for public health especially before eating or drinking, then the oral 
route can play a role in exposure and even lead to poisoning.
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2.5.3 6 Adverse effects
2.5.3.6.1 Short term health effects (acute effects)
Acute effects normally occur shortly after exposure to a chemical. The significance of the 
effect depends on the toxicity of the chemicals and their method of application to a particular 
organism. Pesticides can produce a range of acute health effects following exposure 
(Weisedburger, 1993; Baker and Wilkinson, 1990). The majority of exposed individuals may 
recover without long-term effects. The 50 percent Lethal Dose (LD5o) is used to assess acute 
toxicity. It is the amount of chemical which kills half of a named species, when applied in 
a particular way under stated experimental conditions. It is normally referred to in terms of 
poison per kg of body weight in the experimental individuals (Hayes, 1975; Klaassen and 
Eaton, 1991; Stacey 1993).
2.5.3.6.2 Long term health effects
In view of the extensive use of pesticides today, it is virtually impossible for an individual 
to avoid daily exposure to very low levels of pesticides in food and water. There is therefore 
a great concern regarding potential chronic toxicity, that is the possibility of adverse effects 
on human health resulting from long term "low level exposure". Repeated exposure to small, 
non-lethal doses of a potentially harmful chemical can result in chronic responses including 
silicosis, lung cancer, brain damage, and necrosis of the liver or kidneys (Hassall, 1982). 
Longer term effects of pesticide exposure include three main areas i.e. cancer, reproductive 
hazards, and neurological disorders. The carcinogenicity of pesticides has been reviewed in
61
the most extensive investigation of the chronic health effects of pesticides (Lynge, 1993; The 
BMA, 1992; Tamburro, 1992; Macmahon et a l, 1988; Wang, 1979).
2.5.4 Environmental fate
Pesticides are widely distributed in the environment and can easily reach ground water, soil, 
and spread in the air. The most considerable concentrations may be found in areas of 
intensive use, but they can also be dispersed into other areas far from the area of application 
(Prapamontal, 1991). Hence, traces of pesticides may be found in almost every part of our 
ecosystem. The spray application of pesticides and volatilisation can play a major role in 
entering pesticides into the environment. The relatively high vapour pressure of pesticides is 
the main factor influencing their volatilisation. Only a portion of the pesticides used for crop 
treatment may reach their target, the reminder falling to the ground or spreading into the 
atmosphere by wind and air currents.
2.6 Aims of present study
The overall aim of this project was to investigate the feasibility of using immobilised 
antibodies for the selective isolation and clean-up of pesticides in complex samples. Further 
aims were to optimise retention and elution such that a generalised protocol could be used for 
immuno-extraction of compounds for which antibodies were available.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Compounds and reagents
3.1.1 Pesticide standards
2,4-dichlorophenoxyacetic acid (99%), 2,4,5-trichlorophenoxyacetic acid (99%), 2-methyl,4- 
chlorophenoxyacetic acid (99%), [4-(4-chlor-2-methyl phenoxybutyric acid] (99%) 
chlortoluron (99.9%), isoproturon (99.5%), chlorbromuron (99.9%), chloroxuron (99.9%), 
linuron (95%), methabenzthiazuron (99.9%), metoxuron (99.9%), and atrazine (99.9%) were 
obtained from Greyhound (Birkenhead, UK).
3.1.2 HPLC solvents
HPLC grade methanol, acetonitrile, n-hexane, toluene, ethanol, and glacial acetic acid were 
obtained from Fisons Scientific Equipment, (Loughborough, UK). Deionised water was 
prepared using an Elgastat option 4 Water Purification Unit (High Wyeombe, Bucks, UK).
3.1.3 Buffer reagents
Standard buffer solutions at three pH values (4.00 ± 0.02, 7.00 ± 0.02, 9.00 ± 0.02) were 
supplied by BDH (Poole, UK) and used for calibration of the pH meter.
Potassium chloride, potassium dihydrogenorthophosphate, di-sodium hydrogenorthophosphate.
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and sodium chloride, analytical reagent grade were purchased from BDH (Poole, UK). 
Phosphate buffered saline (PBS) pH 7.2-7.4 was prepared with 8 g sodium chloride, 0.2 g 
potassium chloride, 0.2 g of potassium dihydrogenorthophosphate and 2.9 g disodium 
hydrogenorthophosphate in 1 litre of distilled water.
3.2 General apparatus and materials
Immuno-columns were prepared by adding chlortoluron, isoproturon, and 2,4-D antisera to 
glutaraldehyde activated porous silica individually. Unbound aldehyde groups were 
deactivated using glycine (supplied by ClifMar Associates Limited, Guildford, UK). The 
antisera were raised in sheep and were used unpurified for efficient immobilisation.
Polypropylene disposable columns (11 cm x 1 cm i.d.; Lab M No. D823, UK) provided with 
a polyethylene support frit were packed with 0.5 g dry weight (approx. 1.5 g wet weight) of 
aldehyde activated silica and immobilised antibody (100 pi and 500 pi of antisera 
individually).
Non-polar silica cartridges, C18 (octadecyl), C8 (octyl), C2 (ethyl), CH (cyclohexyl), PH 
(phenyl), were obtained from Technicol (Cheshire, UK) and used for solid-phase extraction.
75-ml cylindrical polypropylene sample reservoirs (Technicol, Cheshire, UK) were used for 
loading large sample volumes onto the extraction columns. The reservoir had a wide opening 
at the top for the introduction of sample, and a narrow opening at the bottom to fit into the 
extraction column. An adaptor formed a water-tight seal between the sample reservoir and the
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extraction column.
A 10-place Vac-Elute Vacuum Elution Manifold from Varian (Harbor City, USA) was used 
for elution of the Bond Elute silica cartridges.
A PTI-15 digital pH meter with an orion glass electrode from EOT Instrument (Dover, Kent, 
UK) was used for pH adjustment.
Weighing of reagents was performed using a Satorius 2024 MP balance (Sartorius Ltd, 
Bellmont, Surrey, UK) for milligram quantities or less and a Brainweigh B 1500D top pan 
balance (Chaus Europe Limited, Cambridge, UK) for weighing the gram quantities.
Pyrex test tubes with teflon lined screw caps, size 10 cm x 16 mm i.d. were obtained from 
Coming Products, New York, USA, and LP3 tubes were obtained from Sarstedt, Nurbrecht, 
Germany.
Quantitative liquid transfers were performed with Gilson Pipetteman, P50, P200, P I000, 
P5000 (Gilson Medical Electronics, Villiers-le-Bil, France).
Evaporation of samples to dryness was conducted using a solvent evaporator. Glass tubes 
were individually supported and oxygen free nitrogen blown onto the liquid surface via glass 
disposable pipettes at room temperature.
Vortex Genie from Scientific Industries, INC. (Bohemia NY, USA) was used for mixing
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solutions in test tubes.
3.3 Equipment
3.3.1 HPLC
The HPLC apparatus used in this study included the following equipment, a Beckman HOB 
single piston HPLC pump, (Beckman RIIC Limited, High Wycombe, Bucks UK), a Waters 
WISP 710A (Waters Associates, Northwich, UK) injection system, the analytical column was 
a Bondclone 10 CIS (30 cm x 3.9 mm) (Phenomenex, Macclesfiled, UK). The detector was 
a Pye LC-UV spectrophotometer (Unicham, Cambridge, UK), combined with a JJ Lloyd CR 
652 Chart Recorder (JJ Lloyd Instrument Ltd., Southampton, UK).
3.3.2 GLC
A Hewlett Packard 5890 gas chromatograph (GC), equipped with a Ni-ECD (Hewlett 
Packard, Wokingham, UK) was used with a BP-10 capillary column (12 m x 0.33 mm i.d. 
x 1 fim) (SAC Chromatography Limited, Cambridge, UK). Helium was used as carrier gas 
with N2 as BCD make up gas. Both gases were obtained from BOC (London, UK). 2,3,4,5- 
pentafluorbenzylbromide (PFB-Br) (99+%) was obtained from Aldrich Chemical Co. Limited 
(Gillingham-Dorset, UK).
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3.4 Sample collection
Drinking water was collected in two 5 litre glass conical flasks from the Robens Institute. The 
drinking water in each flask was divided into 7 x 300 ml and 3 x 550 ml aliquots and spiked 
with 6 different concentrations of chlortoluron and isoproturon individually plus blank sample 
and used to construct calibration curves and evaluate the day-to-day and within-day 
reproducibility. Spiked drinking water was stored at 4°C. 50 ml samples were used for method 
validation.
Tap water was collected from the Robens Institute. Two 10 ml samples of tap water were 
spiked with chlortoluron and isoproturon to make 0.03 |ig/ml and 0.01 fig/ml sample 
concentrations respectively.
A river water sample was collected in a 500 ml glass bottle from the River Wey (Guildford, 
UK). Two 10 ml river water samples were then spiked with chlortoluron and isoproturon to 
give 0.03 pg/ml and 0.01 pg/ml sample concentrations respectively.
Human urine was collected in a 100 ml glass beaker from a healthy volunteer in the Robens 
Institute. 2 x 10 ml of urine were spiked with chlortoluron and isoproturon individually. 2 x 
1 ml of spiked samples were diluted with distilled water separately (1:9, v/v), to give 0.03 
pg/ml and 0.01 pg/ml sample concentrations respectively.
Plasma was also obtained from a healthy volunteer and treated in a similar manner to the 
urine samples. The different spiked samples were then applied onto the immuno-columns in
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order to evaluate the effect of matrices on immuno-extraction recovery.
3.5 Preparation of pesticide standard solutions
3.5.1 Stock standard solutions
Each pesticide solution was prepared (approx. 10 pg/ml) in methanol. Each compound was 
accurately weighed (1 mg) on a disposable micro polystyrene balance boats and made up to 
volume in a volumetric flask. The stock solutions were transferred into 10 cm x 16 mm i.d. 
pyrex tubes with Teflon lined screw caps and stored at 4°C.
3.5.2 Working solutions
Solutions of different concentrations of the individual pesticides (0.005 pg/ml to 1 pg/ml) 
were prepared in distilled water from the stock solutions. The range of concentrations were 
0.005, 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 pg/ml.
3.6 Sample preparation procedures
3.6.1 Solid-phase extraction using bonded phase silicas
The cartridges (100 mg) were conditioned with 2 x 3 ml of methanol followed by 2 x 3 ml 
of 0.01 M phosphate buffer /  methanol 80:20 (v/v) pH 2. Care was taken to prevent the 
cartridges from drying. The samples were then passed through the columns at a flow-rate of
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6 -8  ml/min. The cartridges were then washed with 6 ml of the same buffer solution. Finally, 
the pesticides were eluted from the columns with 1 ml (2 x 0.5 ml) methanol. The extract was 
then analysed by HPLC.
3.6.2 Immuno-extraction using antibody columns
a) Chlortoluron and isoproturon
The immuno-columns were pre-washed with 20 - 30 ml 0.03% hydrochloric acid followed 
by conditioning with 10 - 15 ml of phosphate buffered saline (PBS) at pH 7.2 - 7.4. The 
sample was then passed through the columns. The immuno-columns were washed with 5 - 
15 x 1 ml of PBS and the analytes were eluted with 3 - 6 x 1 ml PBS /  ethanol 50:50 (v/v) 
at pH 2.
b) 2,4-D
The immuno-extraction procedure for 2,4-D was the same as for chlortoluron and isoproturon 
except that the elution process used 2 x 1 ml PBS /  ethanol 50:50 (v/v) at pH 8. All immuno- 
extractions were performed under gravity (without using vacuum).
3.7 Chromatographic procedures
3.7.1 HPLC
The optimum HPLC conditions for the Bondclone 10 C l8 column (30 cm x 3.9 mm i.d.) 
were as follows: mobile phase of methanol /  1 M acetic acid 75:25 (v/v) (acetonitrile /  water
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65:35 v/v, including 0.01% glacial acetic acid was used for lower detection limit), detection 
by UV at 280 nm for the phenoxyacetic acid herbicides. Methanol /  water 70:30 (v/v), and 
UV at 244 nm for determination of phenylurea herbicides. Flow-rate was 1 ml/min and 
injection volume was up to 200 fil, introduced at ambient temperature.
3.7.2 Capillary GLC-ECD
The equipment was listed in section 3.3.2. Conditions employed were: temperatures; injection 
port 250°C, detector 350°C, column 200°C; split injection was used with a split flow of 50 
ml/min.
Derivatisation with PFB-Br (Pentafluorobenzylation) was performed to increase the sensitivity 
of the system for detection of 2,4-D using the following procedure:
- 0.2 ml of standard sample solution was transferred into a glass tube.
- 30 pi of 30% K2 C03 solution (30 g K2C03 in 100 ml H20) was added.
- Add 0.2 ml PFB-Br (1% and 5%, v/v).
- Cap tube tightly, and mix contents on Vortex Genie for 2 - 3 second.
- Evaporate to dryness with N2-gas, add 2 ml ethyl acetate /  H20  1:1 (v/v) or 3 ml toluene 
/ H20  1:2 (v/v), shake for 30-60 second and allow the phases to separate.
- Inject 0.5 pi of organic phase into the GLC.
The following parameters were considered during derivatisation procedure:
- Five sample concentrations of 0.1, 1, 10, 20, 30, and 40 pg/ml, including blank were
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applied.
- PFB-Br 5% and 1% were used
- Two compositions of following final solvent were used:
- 2 ml ethyl acetate /  H20  1:1 (v/v)
- 3 ml toluene /  H20  1:2 (v/v)
- Three different reaction times of 3 hours at 60°C, 5 hours at room temperature, and 
overnight (about 16 hours ) at room temperature were performed.
3.8 Chromatographic calculations
3.8.1 Recovery
In this study, peak height was used as a detector response and extraction recoveries were 
calculated by comparison of the peak heights in the chromatogram of extracts with those in 
the chromatogram of standard solutions prepared in the same solvent as following:
Recovery (%) = Peak height (sample) /  Peak height (standard) x 100
3.8.2 Limit of detection (LOD)
The LOD were calculated by using a signal-to-noise (S/N) ratio of 3 and assuming that 3 mm 
was the minimum peak height that could be measured with reasonable confidence.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Optimisation of chromatographic techniques
4.1.1 HPLC
4.1.1.1 2,4-D and MCPA
In order to achieve the optimum chromatographic conditions for analysis of 2,4-D and 
MCPA, variables including mobile phase composition and UV wavelength were 
optimised. Analytical columns widely employed for such pesticide analysis are generally 
reversed phase, C2, C8, or C18 bonded silicas (Barrett et al., 1996; Coquart and 
Hennion, 1993). C l8 was preferred due to its frequent use and efficient results in the 
trace analysis of phenoxyacetic acids (Trocewicz,1996; Pico etal., 1994; Mattina, 1991; 
Wang and Huang, 1989), A methanol /  1 M acetic acid mobile phase (75:25 v/v) 
allowed the detection of 2,4-D and MCPA. UV detection at three wavelengths i.e. 254, 
230, and 280 nm were considered. The wavelength of 280 nm was more sensitive for 
determination of 2,4-D and MCPA. Using these conditions, the compounds were eluted 
in 4 minutes as shown in Figures 10 and 11. The retention time of the phenoxyacetic 
acids decreases with increasing concentration of organic modifier in the mobile phase 
as expected. Therefore, retention times (k’ values) can be varied by changing the 
composition of the mobile phase in order to isolate the analyte from interferences 
contained in the sample.
In order to obtain the data for the calibration lines, different standard sample 
concentrations, 5, 4, 3, 2,1, 0.8, 0.6, 0.4, 0.2, and 0.1 pg/ml were analysed. A standard
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solution of each pesticide was injected and its retention time determined from the 
chromatogram. The peak height, for each analyte, was plotted versus the concentrations. 
The correlation coefficients for the standard curves of both phenoxyacetic acids were
0.999 and the limit of detection was 0.1 pg/ml. Figure 12 illustrates the calibration lines 
of 2,4-D and MCPA.
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Figure 10 HPLC chromatograms of 2,4-D standards. Mobile phase, methanol /  1 M 
acetic acid, 75:25 (v/v); flow rate, 1 ml/min; analytical column, CIS (30 cm x 3.9 mm 
i.d.); UV detection at 280 nm, 0.02 a.u.f.s.; injection volume, 100 pi; ambient 
temperature, i.p.: injection point.
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Figure 11 HPLC chromatograms of MCPA standards. Mobile phase, methanol /  1 M 
acetic acid 75:25 (v/v); flow rate, 1 ml/min; analytical column. C l8 (30 cm x 3.9 mm
i.d.); UV detection at 280 nm, 0.02 a.u.f.s.; injection volume, 100 |il; ambient 
temperature, i.p.: injection point.
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4.1.1.2 Chlortoluron and isoproturon
A HPLC technique was optimised in order to analyse the phenylureas, chlortoluron and 
isoproturon. A Bondclone 10 C l8, 30 cm x 3.9 mm i.d. analytical column was used. 
Detection was by UV at 244 nm and the mobile phase was methanol /  water 70:30 
(v/v). Using these conditions, chlortoluron and isoproturon were eluted at a similar time 
(approx. 7 minutes). Standard curves were generated by plotting peak height against 
sample concentrations for solutions of different standard sample concentrations, 0.1,0.2, 
0.3, 0.4, and 0.5 pg/ml for chlortoluron, and 0.02, 0.04, 0.06, 0.8, 0.1 pg/ml for 
isoproturon, including blank sample. A Correlation coefficient of 0.999 was obtained 
and the limit of detection was 0.1 pg/ml (S/N 3:1) for both analytes.
A standard solution of each compound was prepared from stock solution and injected 
to the HPLC and its retention time determined from the chromatogram. Representative 
chromatograms of pure phenylurea standards are shown in Figures 13 and 14. The 
calibration curves of the compounds are shown in Figures 15 and 16.
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Figure 13 HPLC chromatogram of chlortoluron from pure standard. Sample 
concentration, 0.1 pg/ml; mobile phase, methanol /  water 70:30 (v/v); flow rate,l 
ml/min; analytical column, CIS (30 cm x 3.9 mm i.d.); UV detection at 244 nm, 0.04 
a.u.f.s.; injection volume, 100 pi; ambient temperature.
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Time (minutes)
Figure 14 HPLC chromatogram of isoproturon from pure standard. Sample
concentration, 0.1 gg/ml; mobile phase, methanol /  water 70:30 (v/v); flow rate,l 
ml/min; analytical column, CIS (30 cm x 3.9 mm i.d.); UV detection at 244 nm, 0.04
a.u.f.s.; injection volume, 100 jil; ambient temperature.
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4.1.2 GLC-ECD
GLC-ECD with a capillary column (BP-10, 12 m x 0.33 mm i.d.) was used in order to 
improve the detection limit for 2,4-D. Pentaflourobenzylation (PFB), detailed in section 
3.7.2, was performed using pentaflourobenzyl bromide (PFB-Br) in order to make the 
analyte more volatile and increase the BCD response. PFB-Br solutions of 5% and 1% 
(v/v) were used with three different reaction times, 3 hours at 60°C, 5 hours at room 
temperature, and overnight at room temperature. Two different compositions of final 
solvent were used, 2 ml ethyl acetate /  water 1:1 (v/v) and 3 ml toluene /  water 1:2 
(v/v). Also different concentrations of 2,4-D (0.1, 1, 10, 20, 30, and 40 pg/ml) and a 
blank sample were derivatised. The optimal conditions for derivatisation were found to 
be PFB 1%, with an overnight reaction time, and 2 ml ethyl acetate /  water 1:1 (v/v) 
as a final solvent. Split injection was employed for introduction of the sample onto the 
capillary column. Helium was used as carrier gas at 40 cm/sec. linear gas velocity and 
0.8 ml/min flow rate through the column. Chromatograms of the 2,4-D derivative are 
shown in Figure 17. Other conditions gave noisy baselines and many interferences on 
the chromatograms.
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Figure 17 Representative chromatograms of 2,4-D derivatives using different sample 
concentrations; PFB 1%, overnight reaction time, and 2 ml ethyl acetate /  water 1:1 
(v/v) as a final solvent; (a) blank, (b) 40 pg/ml, (c) 30 gg/ml, (d) 20 p.g/ml, (e) 10 
p.g/ml, (f) 1 p,g/ml, (g) 0.1 p.g/mL Operating conditions as in section 3.7.2.
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Figure 17 Continued
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4.1.3 Discussion of the results
Rapid, selective, and sensitive analytical methods for the determination of pesticides are 
needed. Residue analysis of phenoxyacetic acids in environmental samples is often 
based on chromatographic methods (Barcelo, 1991,1988; Osselton and Snalling, 1986).
Detection of 0.1 Jig/ml for both 2,4-D and MCPA using conditions as in Figures 10 and 
11, was not sensitive enough to detect low concentrations (0.1 p.g/ml or lower). 
Therefore, a GC method was evaluated for lowering the detection limit, using 
pentaflourobenzyl bromide (PFB-Br) derivatives to lower the detection limit of the 
technique in particular when low capacity immuno-columns were used. 
Pentafluorobenzylation (PFB) has been reported in many references (Beer et al., 1977; 
Tsukiokami, 1989; Lee et al., 1986). In these publications, the mild conditions, ease of 
derivative formation, and high yield have been considered advantages of the procedure.
However, due to the low yield obtained with 2,4-D, derivative sample concentrations 
of 1 |ig/ml and 0.1 p.g/ml were not detected, and so the sensitivity of the technique was 
not compatible with the capacity of the immuno-columns. Furthermore, any problem 
associated with the derivatisation procedure as an intermediate stage causes errors in 
evaluation of the immuno-extraction procedure. As a consequence, HPLC was the 
preferred technique for determination of herbicides used in this study. In order to obtain 
desirable detectibility and improve the sensitivity, the previous chromatographic 
conditions were changed. The new conditions employed an acetic acid concentration of 
0.01% and acetonitrile /  water 65:35 (v/v) as mobile phase and a large injection volume,
up to 200 |il, was also introduced. With these changes, the limit of detection (S/N 3:1) 
was improved and the technique was able to detect 0.1 |ig/ml compatible with immuno- 
extraction column.
Figure 18 shows the chromatograms achieved using the new conditions at a sample 
concentration of 0.1 |Xg/ml. It is expected that, further manipulatation of the 
chromatographic parameters could lead to further improvements in selecdvities and 
sensitivities useful for separations, but a detailed study of these possibilities is beyond 
the scope of the present work.
Phenylurea herbicides are relatively polar compounds with low vapour pressure. Their 
analyses are in general simpler using liquid chromatography, since for GC volatile 
derivatives have to be made (Scott, 1993). Although UV detection in HPLC was not 
sensitive, pre-concentradng the analytes from a large sample volume would improve the 
limit of detection. This would be required for the determination of residue levels of 
such pesticides in drinking water where the maximum permissible level are 0.1 fig/L 
(EC maximum admissible concentration, MAC). In addition, the limit of detection 
obtained from this technique was compatible with the immuno-columns ’ capacities for 
the development of immuno-extraction procedures. Therefore, HPLC was the most 
suitable technique for the analysis of all compounds of interest in this study. Once the 
chromatographic conditions were optimised SPE using bonded silica and immobilised 
antibodies were developed.
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Figure 18 HPLC chromatograms of 2,4-D at a concentration of 0.1 lig/ml. Mobile 
phase, acetonitrile / water 65:35 (v/v) containing 0.01% acetic acid; flow rate, 1 
ml/min; analytical column, Cl 8 (30 cm x 3.9 mm i.d.); UV detection at 280 nm, 
0.02 a.u.f.s.; injection volume, 200 ill; ambient temperature.
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4.2 Optimisation of SPE for 2,4-D and MCPA using bonded silica cartridges
Due to the aim of this study, the feasibility of developing a highly specific extraction 
(so called immuno-extraction) for environmental and biological samples, it was intended 
to compare the performance of SPE using bonded silicas with immuno-extraction using 
immobilised antibodies. Therefore, the adsorption and desorption processes of 2,4-D and 
MCPA on conventional SPE columns were investigated in following way:
a. conditioning:
activation: cartridges were primed with methanol in order to open up the 
hydrocarbon chains and increase the surface area available for interaction with the 
analytes and to remove residues from the packing material that might interfere with the 
chromatographic analysis.
a.2 rinsing: sorbents were washed with 0.01 M phosphate buffer /  methanol 80:20 (v/v) 
pH 2 in order to remove excess methanol and prepare the silica surface for sample 
application.
b. samples were processed.
c. clean-up: the column was washed with the same buffer as used in a.2 to selectively 
remove undesirable compounds from the sample solution which might interfere with the 
subsequent analysis.
d. elution: the adsorbed 2,4-D or MCPA was then eluted and collected in a test tube for 
immediate chromatographic determination.
/. up to 200 fJ.1 of each solution was injected on to the HPLC system for analysis.
87
In order to establish the optimum conditions for the retention and elution of the 
herbicides 2,4-D and MCPA, five variables; sorbent type, sample pH, sample 
concentration, eluent strength, and elution solvent volume were tested, based on 
published literature and past experience with SPE (Pico et al., 1994; Deans et al., 1993; 
Wells and Micheal, 1987).
4.2.1 Sorbent selection
In this investigation, sorbents including C l8 (octadecyl), C8 (octyl), C2 (ethyl), CH 
(cyclohexyl), and PH (phenyl), containing 200 mg/3 ml of bonded silicas were 
evaluated for extraction recovery of the analytes. After conditioning the columns with 
6 ml methanol followed by the same volume of HPLC-grade water, 1 ml of 2,4-D and 
MCPA standards at concentrations of 10 jig/ml were applied. Retained analyte was 
washed with 6 ml of HPLC-grade followed by elution with 1 ml of methanol. From the 
results given in Table 2, it was deduced that, C18, C8, and C2 cartridges were more 
satisfactory for efficient recovery of the herbicides 2,4-D and MCPA. This is as 
expected (Barrett et al., 1996; Deans et al., 1993) as these were the more non-polar 
sorbents. The hydrophobicity of these compounds can be a major factor for non-polar 
mechanisms occurring. Due to the type of interaction, providing an efficient recovery, 
non-polar cartridges of C l8, C8, and C2 were selected for further optimisation steps.
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Table 2 The recovery of 2,4-D and MCPA (pure standards) obtained from non-polar 
sorbents. 1 ml of sample (10 gg/ml) for each analyte was used, conditioning with 6 ml 
of methanol followed by 6 ml of HPLC-grade water, eluted in 1 ml of methanol. C l8: 
octadecyl, C8: octyl, C2: ethyl, CH: cyclohexyl, and PH: phenyl.
Sorbent 
types (200 mg)
Recovery of 
2,4-D (%)
Recovery of 
MCPA(%)
C18 105 111
C8 89 96
C2 61 60
CH 56 40
PH 51 56
4.2.2 Sample pH
The non-polar sorbents can be used over a pH range of 2 - 8 (Font et al., 1993). The 
200 mg C18, C8, C2 cartridges were activated and conditioned according to the method 
explained in section 4.2.1. One ml of sample at different pH, 2, 4, 6, and 8, was 
applied. The columns were then washed and retained analytes were eluted using the 
same procedure as in section 4.2.1 and analysed. Figures 19 and 20 show the influence 
of sample pH on extraction recovery for 2,4-D and MCPA. The results show that 
efficient recovery was obtained from C l8 using sample pH 2 for both columns. 
However, the amount of analytes recovered from C l8 and C8 at sample pH 4 were 
efficient. In comparison with C18 and C8, the recovery obtained from C2 is low.
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Sorbents
Figure 19 Effect of sample pH on recoveiy of 2,4-D from non-polar cartridges (200 
mg). 1 ml of sample (10 Jig/ml) in methanol was applied to each column, the column 
was washed with 6 ml of HPLC-grade water followed by elution in 1 ml of methanol. 
C l8: octadecyl, C8: octyl, C2: ethyl.
*
Sorbents
Figure 20 Effect of sample pH on recovery of MCPA from non-polar cartridges (200 
mg). 1 ml of sample (10 M-g/ml) in methanol was applied to each column, the column 
was washed with 6 ml of HPLC-grade water followed by elution in 1 ml of methanol. 
C l8: octadecyl, C8: octyl, C2: ethyl.
90
Replacing the HPLC-grade water with 0.01 M phosphate buffer /  methanol 80:20 (v/v) 
pH 2, before and after application of the samples on column, improved extraction 
recoveries of both analytes (Figures 21 and 22).
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Figure 21 Effect of sample pH on recoveiy of 2,4-D from non-polar cartridges (200 
mg). 1 ml of sample (10 |ig/ml) in methanol was extracted using 6 ml of 0.01 M 
phosphate buffer /  methanol 80:20 (v/v) pH 2, as conditioning and wash solvent and 1 
ml of methanol as eluent. C18: octadecyl, C8: octyl, C2: ethyl.
«
Sorbents
Figure 22 Effect of sample pH on recovery of MCPA from non-polar cartridges (200 
mg). 1 ml of sample (10 pg/ml) in methanol was extracted using 6 ml of 0.01 M 
phosphate buffer /  methanol 80:20 (v/v) pH 2, as conditioning and wash solvent and 1 
ml of methanol as eluent. C l8: octadecyl, C8: octyl, C2: ethyl.
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The results show efficient recoveries for both 2,4-D and MCPA from C l8 and C8 at 
sample pHs 2 and 4. In these experiments, the recoveries obtained from all cartridges 
were improved at all sample pHs, by appropriate conditioning of the cartridges (with 
buffer not water).
4.2.3 Sample concentration
In order to evaluate the effect of sample concentration on SPE performance, different 
concentrations (0.1, 1, 10, 30, 50, 70, 90, 110, 130, 150, 170, and 200 pg/ml) of both 
2,4-D and MCPA were prepared using deionised water. After conditioning the C l8 and 
C8 cartridges with methanol followed by 0.01 M phosphate buffer / methanol 80:20 
(v/v), at pH 2, a 1 ml sample at each concentration was applied and the same buffer 
solution used when sample was applied, without significant elution of analytes. This 
solution could be strong enough to remove potential interfering materials from the 
sample matrix. Table 3 illustrates the recovery of the compounds from the C l8 column. 
Although, in general, for both 2,4-D and MCPA, the recovery extraction is not 
dependent on the sample concentration, recoveries obtained for concentrations of 30, 
50, and 70 gg/ml is poor. With the C8 phase, low recoveries were obtained around the 
target concentration of <1 pg/ml so the C l8 cartridge was chosen as appropriate to 
continued the work.
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Table 3 The recovery of 2,4-D and MCPA from C l8 at different sample 
concentrations. 1 ml of sample pH 2 for each analyte passed through 200 mg C l8, 
conditioning with 6 ml of methanol followed by 0.01 M phosphate buffer /  methanol 
80:20 (v/v) pH 2, eluted by 1 ml of methanol.
Sample 
Concentration (fig/ml)
Recovery of 
2,4-D (%)
Recovery of 
MCPA(%)
0.1 75 74
1 81 82
10 67 74
30 54 57
50 68 55
70 64 66
90 69 76
110 74 76
130 77 76
150 84 80
170 81 85
200 84 76
The same extraction protocol was used to evaluate the recovery at different sample 
concentrations with the C8 cartridge. The results show that there is no significant 
dependency of the recovery on sample concentration. Table 4 illustrates the recovery 
results obtained for extraction of 2,4-D and MCPA with the C8 cartridge.
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Table 4 The recovery of 2,4-D and MCPA from C8 at different sample 
concentrations. 1 ml of sample pH 2 for each analyte passed through 200 mg C18, 
conditioning with 6 ml of methanol followed by 0.01 M phosphate buffer /  methanol 
80:20 (v/v) pH 2, eluted by 1 ml of methanol.
Sample 
Concentration (gg/ml)
Recovery of 
2,4-D (%)
Recovery of 
MCPA(%)
0.1 30 29
1 83 57
10 69 84
30 60 90
50 74 88
70 63 87
90 64 99
130 74 104
170 71 96
200 70 92
4.2.4 Eluent strength
Seven solvents were screened for their ability to produce optimum elution of the 
phenoxyacetic acid herbicides retained on the C l8 sorbent (200 mg). They were acetic 
acid (1 M) (HOAc), methanol (MeOH), acetonitrile (AcN), ethanol (EtOH), ethanol /  
methanol (EtOH/MeOH) 50:50 (v/v), ethyl acetate (EtOAc), and hexane (Hex.). The 
same sequence of conditioning, washing and elution was used as in previous section.
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The results of this process are shown in Figures 23 and 24. To produce this data, 
aqueous standard samples (1 ml) at three different concentrations i.e. 0.1 fig/ml, 1 
jig/ml, and 10 |ig/ml, at pH 2 were used. The retained 2,4-D and MCPA were then 
eluted with three fractions of 2 x 0.5 ml, 0.5 ml, and 0.5 ml of each solvent separately. 
The results show, 1 ml of methanol (2 x 0.5 ml) recovered both 2,4-D and MCPA and 
was chosen as an ideal eluent for efficient extraction of analytes.
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Figure 23 The recovery of 2,4-D from C18 sorbent using different elution solvents 
at different concentrations. 1 ml of sample pH 2 were passed through 200 mg ml 
cartridges conditioned with methanol followed by 0.01 M phosphate buffer /  methanol 
80:20 (v:v) pH 2, MeOH: methanol, HO Ac: acetic acid, AcN: acetonitrile, EtOH: 
ethanol, EtOAc: ethyl acetate, Hex.: hexane.
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Figure 24 The recovery of MCPA from C l8 sorbent using different elution solvents 
at different concentrations. 1 ml of sample pH 2 were passed through 200 mg ml 
cartridges conditioned with methanol followed by 0.01 M phosphate buffer /  methanol 
80:20 (v/v) pH 2, MeOH: methanol, HOAc: acetic acid, AcN: acetonitrile, EtOH: 
ethanol, EtOAc: ethylacetate. Hex.: Hexane.
4.2.5 Elution volume
Enrichment of the analyte in SPE is achieved by applying large volumes of sample and 
eluting the analyte in a minimum volume of eluent. The eluent volume must be just 
sufficient to elute the compound of interest from the sorbent The results obtained from 
an evaluation of elution volume showed that the smallest satisfactory volume for 
methanol, from 200 mg of sorbent, was 1 ml (2 x 0.5 ml). The same results were 
obtained with different eluents i.e. acetonitrile, ethanol, ethanol /  methanol 50:50 (v/v), 
and ethyl acetate.
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4.2.6 Discussion of the results
In order to optimise SPE, there were several factors by which retention and elution 
could be altered. The choice of sorbent type and its quantity depends on the nature and 
amount of the compounds to be extracted and also on the sample volume applied for 
the required detection. Although similar interaction mechanisms take place with the 
non-polar sorbents used in this study, CIS efficiently retained both 2,4-D and MCPA. 
The quantity of the sorbent was not screened in this study, however, the greater the 
quantity of sorbent, the greater the sample breakthrough volume, and the greater the 
elution solvent volume (Wells, 1986).
This study showed that the pH of the sample should be adjusted according to the 
chemistry of the compound of interest. 2,4-D and MCPA are ionisable compounds (pKa 
for 2,4-D is 2.64 and for MCPA is 3.07) (Worthing and Hence, 1991). Therefore, it was 
necessary to adjust the pH of the sample in order to suppress the ionisation of the 
analyte and ensure that the compounds were in the appropriate non-ionic or weakly 
dissociated form to achieve efficient retention by the solid phase using non-polar 
interaction mechanisms. In this study, a sample pH range of 2 - 8 was tested using three 
non-polar cartridges. As Figures 21 and 22 show for both herbicides efficient retention 
and recoveries were achieved at sample pH 2. The extraction recoveiy obtained from 
C2 was relatively low, therefore, C l8 and C8 were selected for further optimisation. 
Moreover, the 0.01 M phosphate buffer / methanol 80:20 (v/v) pH 2 provided 
appropriate column conditioning at the sample pH, giving an efficient retention and high 
extraction recoveries for the analytes. Washing the column containing all sample
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components with the same modified buffer solution may also remove more interfering 
compounds from the sample matrix.
Another parameter studied to optimise SPE was sample concentration. Ideally, the 
extraction recovery should not be sample concentration dependent. In other words, for 
the method to be useful, there should be no significant difference in recovery over the 
expected concentration range of the compounds to be analysed. Table 3 and 4 give the 
recoveries obtained after passing 1 ml of standard samples at a sample concentration 
range of 0.1 - 200 jLig/ml and eluting with 1 ml methanol. As can be seen, the recovery 
is independent of sample concentration over the concentration ranges studied. However, 
the recoveries gained at some concentrations were not satisfactory. During this 
experiment, the breakthrough (B) fraction was also analysed and showed no 
breakthrough of either herbicide.
Understanding the chemistry of the compound under analysis such as its hydrophobicity 
or ionisability can be useful in designing appropriate conditions to obtain efficient 
extraction recovery. Highly hydrophobic compounds result in strongly retained analyte 
making elution difficult and subsequently giving poor recovery from non-polar sorbents. 
In this study, methanol was found to be superior to other solvents to break hydrophobic 
interactions between sorbent and analytes of interest (2,4-D and MCPA). As acetic acid 
(1 M) is a strongly polar solvent with low hydrophobicity and hexane is a strong 
hydrophobic non-polar solvent, no analytes were eluted using these eluents. There was 
also no significant difference in recovery when different sample concentrations were 
applied using all eluents. As a consequence, the strength of eluents are high enough to
elute sample concentrations of up to 10 p.g/ml. Methanol is an optimum eluent as it 
increases the solubility of the analytes and minimises physical losses on sample 
handling.
The volume required to elute analyte from sorbents, depends on two important 
parameters. Firstly, the capacity factor (k’) of the compound of interest, showing the 
strength of its retention. Solvents with greater elution strength can be used to elute an 
analyte in less volume but may incorporate undesirable contaminants into the eluted 
fraction. Secondly, the sorbent mass used in SPE. Using a larger sorbent mass cartridges 
require an increased elution volume to be applied (Deans et al., 1993).
Due to the results obtained with the 2,4-D antibody column and unsuitable MCPA 
antibody (to be discussed later), there was no possibility of comparing the results 
between optimised SPE and immuno-extraction for these compounds. However, there 
are some applications, showing similar recoveiy (undesirable selectivity) obtained for 
different groups of pesticides (Balinova, 1993). Therefore, for improvement in the 
selectivity of the extraction procedure, continued investigations are needed. Due to the 
good quality antibodies produced against chlortoluron and isoproturon, available from 
previous work (Katmeh et al., 1994, 1996), this study concentrated on development of 
immuno-extraction for such pesticides.
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4.3 Development and optimisation of immuno-extraction
4.3.1 2,4-D
The immuno-extraction column was prepared by covalently bonding 2,4-D antisera to 
aldehyde activated porous silica. 0.5 g of solid phase containing 100 pi of antisera was 
packed into a small plastic column (a so called immuno-extraction column) and the 
column used for the extractions. The first batch of the 2,4-D immuno-column was 
evaluated by applying a standard sample. The column was initially washed with approx. 
20 ml 0.3% HC1 in order to remove any particulate or interfering materials loaded either 
during the immobilisation or packing stages, followed by conditioning the immuno- 
column with 15 ml of PBS, pH 7.4. One ml of sample at a concentration of 0.1 pg/ml 
was applied onto the column at a flow-rate of 1 ml/min (this fraction is labelled B in 
Figures and Tables) followed by washing with 4 x 1 ml phosphate buffered saline 
(PBS) (these fractions are labelled W in Figures and Tables). Finally, in the elution 
process, 2 x 1 ml ethanol /  PBS 50:50 (v/v) pH approx. 8, were employed in order to 
elute the analyte in the second 1 ml fraction (these fractions are labelled E in Figures 
and Tables). Figure 25 illustrates the results obtained from immuno-extraction of 2,4-D. 
The chromatograms of this application can be seen in Figure 26.
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Fractions
Figure 25 The recovery of 2,4-D from an immobilised antibody column 1 ml of 
sample (0.1 mg/L) was applied to the immuno-column (B), 4 x 1 ml PBS pH 7.4 was 
used as wash solvent (W1 - W4), 2 x 1 ml ethanol /  PBS 50:50 (v/v) pH approx. 8, was 
used as eluent (El - E2).
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During assessment of the first batch of immobilised antibody columns of 2,4-D, this 
simple protocol was established. After loading the sample, the compound was 
completely retained. Analysis of the breakthrough fraction showed that no compound 
had passed through the immuno-column. In four wash fractions there was still no 2,4-D 
detected, showing a tight adsorption. Finally, 2,4-D was desorbed with ethanol /  PBS 
50:50 (v/v) pH approx. 8, in the second elution fraction.
4.3.1.1 Immuno-column capacity
When 1 ml sample at a concentration of 1 |ig/ml was applied, the column was 
overloaded and the compound was eluted in breakthrough and wash fractions. In order 
to assess the capacity of the column the sample concentration was reduced to 0.1 pg/ml. 
1 ml of standard sample was loaded followed by washing with 1 ml PBS. The retained
2,4-D was then eluted with 1 ml ethanol /  PBS 50:50 (v/v) pH approx. 8. The results 
in Table 5, show total retention of 0.1 pg/ml on immuno-column followed by efficient 
recovery.
Table 5 The recovery of 2,4-D from an immobilised antibody column. 1 ml of sample 
at concentration of 1 fig/ml and 0.1 pg/ml were applied to the immuno-column, wash 
solvent 1 ml of PBS pH 7.4 (W), eluent: 2 x 1 ml ethanol /  PBS 50:50 (v/v) pH 
approx.8 (El - E2), B: breakthrough.
Recovery (%)
Sample Concentration B W El E2
1 p.g/ml 6 8 6 80
0.1 |ig/ml 0 0 0 86
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4.3.1.2 Immuno-selectivity of the column
In order to assess the immuno-selectivity of the 2,4-D immuno-column, closely related
compounds, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2-methyl 4-
chlorophenoxybutyric acid (MCPB), and MCPA, were applied. 1 ml of sample at a
concentration of 0.1 ug/ml was used for each compound. The column was washed with
8 x 1 ml PBS (pH 7.2 - 7.4) and the retained compounds were desorbed with 3 x 1 ml
ethanol /  PBS 50:50 (v/v). All fractions were collected and analysed. The results show
that, (Table 6) the recoveries of these phenoxyacetic acids increase in the following
order (see E2 fraction): MCPB>2,4,5-T>MCPA
Table 6 The recovery of closely related compounds extracted from the 2,4-D 
immuno-column. 1 ml of sample (0.1 p.g/ml) was loaded on the immuno-column 
(B), 8 x 1 ml PBS pH 7.4 was used as wash solvent (W1 - W8), 3 x 1 ml ethanol 
/  PBS 50:50 (v/v) pH approx. 8, was used as eluent (El - E3).
Fraction
Comp. B W1 W2 W3 W4 W5 W6 W7 W8 E l E2 E3
2,4,5-T 0 0 0 0 15 36 21 10 5 0 10 0
MCPA 0 0 0 21 43 21 16 0 0 0 6 0
MCPB 0 0 0 0 0 0 0 14 19 9 56 0
As the results show, 2,4,5-T and MCPA passed through the column in wash 
fractions, whilst, a tight interaction between the antibody and MCPB took place 
showing a retention of more than 50% of the compound even after washing. In order 
to wash the unbound MCPB, 15 x 1 ml PBS were required. The amount of retained 
MCPB was still considerable (Figure 27).
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Fractions
Figure 27 The recovery of MCPB from 2,4-D immuno-column. 1 ml of sample 
(0.1 fig/ml) was loaded on the immuno-column (B), 15 x 1 ml PBS pH 7.4 was 
used as wash solvent (W1 - W15), 3 x 1 ml ethanol /  PBS 50:50 (v/v) pH approx. 
8, was used as eluent (El - E3), TR is total recovery of the compound eluted during 
W7 - W14 and E2 fractions.
The affinity of the 2,4-D column for a range of phenylurea compounds which are 
structurally different to the phenoxyacetic acids was also evaluated. In this 
experiment, 10 x 1 ml wash fractions were applied to remove all unbound 
compounds from the column and 3 x 1 ml eluent were used to elute the retained 
compound. Breakthrough (B), wash (W), and eluent (E) fractions were then 
analysed. The recoveiy results are given in Table 7, illustrating the amount of the 
compound recovered by the second elution fraction (E2).
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Table 7 Specificity of the 2,4-D immuno-column a range of phenylurea 
compounds . 1 ml of sample at concentration of 0.1 pg/ml was loaded on column. 
The extraction sequence is the same as 2,4-D application explained in Figure 13. 
CXN: chloroxuron, LNN: linuron, CBN: chlorobromuron, CTN: chlortoluron, MBN: 
Methabenzthiazuron, IPN: isoproturon, MXN: metoxuron, ATN: atrazine, B: 
breakthrough, w: wash fraction, E: elution fraction, TR: total recovery eluted from 
all fractions.
Comp
Fraction
B Wi w2 w3 w4 w5 w6 w7 w8 w9 wm Ei e 2 e 3 TR
CXN 0 0 0 0 0 0 0 0 0 0 7 13 67 0 87
LNN 0 0 0 0 0 5 19 17 16 12 7 3 17 0 96
CBN 0 0 0 0 0 0 12 24 18 18 6 0 12 0 90
CTN 0 0 0 17 44 22 11 0 0 0 0 0 11 0 105
MBN 0 0 0 0 0 0 17 25 25 17 8 0 0 0 92
IPN 0 0 45 64 0 0 0 0 0 0 0 0 0 0 109
MXN 0 0 18 46 25 0 0 0 0 0 0 0 0 0 89
ATN 0 0 52 35 4 0 0 0 0 0 0 0 0 0 91
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4.3.1.3 Reusability and stability
Another critical aspect of using an immuno-sorbent column is its ability to be 
regenerated for further applications. The bioactivity of the immuno-column did not 
alter during repetitive experiments. A highly rigid support and the nature of the 
antibody can make the column regenerable, stable and then reusable. The column 
was kept wet in PBS (pH 7.2 - 7.4) and stored at 4°C after finishing experiments. 
In this study, the 2,4-D antibody column was reused more than thirty times. 
Therefore, this type of column can be cost effective especially when trace analysis 
at low concentration is to be performed.
4.3.1.4 Batch to batch reproducibility
A second batch of immuno-column was prepared (ClifMar Associate, Guildford, 
UK) and applied using the same optimised protocol. Due to the low capacity of the 
new immuno-column and poor detectibility of the analytical method, the HPLC 
conditions were changed and the limit of detection was improved down to 0.1 
pg/ml. These new chromatographic conditions were as in Figure 18. The same 
immuno-extraction sequence was performed and breakthrough, wash and elution 
fractions were collected and analysed. The results showed that, the 2,4-D was 
completely retained by the immuno-column, however there was no analyte in eluent 
fractions. Extensive experiments were performed in order to elute the 2,4-D from 
the immuno-column. Different types and compositions of eluent, using different pHs 
were screened as follows:
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a. ethanol /  PBS 50:50 (v/v) at pH of approx. 8 using 3 x 1 ml eluent fractions (the 
same eluent as first batch)
b. ethanol /  PBS 50:50 (v/v) at the same pH, using 10 x 1 ml eluent fractions (this 
experiment was performed twice)
c. ethanol /  PBS 50:50 (v/v) at pH of 2 using glacial acetic acid to adjust the pH 
(this experiment was performed twice)
d. ethanol /  PBS 50:50 (v/v) at pH of 2 using 1 M HC1 to adjust the pH
e. methanol / PBS 50:50 (v/v)
/. methanol at pH of 2 using 1 M HC1
g. ethanol
h. ethanol /  PBS 50:50 (v/v) at pH of 2 using sample pH of 2 (this experiment was 
performed twice)
i. PBS at pH of 2 using sample pH of 2 (this experiment was performed twice) 
j. ethanol /  PBS at pH of 10
k. PBS at pH of 10
/. HPLC mobile phase (65% acetonitrile, 0.1% glacial acetic acid) 
m. acetonitrile/ water 95:5 (v/v) 
w. acetonitrile 100%
In all experiments, it appeared that although the 2,4-D was retained completely by 
the column, no compound was recovered. In order to locate the compound, sample 
concentrations of 2 |ig/ml and 10 pg/ml were applied. In both cases, there was no 
appearance of 2,4-D in any fractions (B, Ws, and Es) however an unknown peak 
eluted at a significantly different retention time to 2,4-D in the W3, W4, W5 and 
E l with gradually decreasing peak height.
4.3.1.5 Discussion of the results
As a general approach, an immuno-extraction can be summarised as conditioning of 
the immobilised antibody columns, introduction of solution of interest, column 
washing, then desorption of retained analyte, and finally regeneration of the 
immuno-column for further applications.
As Table 5 showed, using low sample concentration the 2,4-D was totally retained 
and eluted only in the second elution fraction. The extraction recovery was 
quantitative. The capacity of the immuno-column was estimated as approx. 2 fig/g 
of dry immuno-sorbent. Although this capacity seems low, it is sufficient for 
environmental monitoring of the 2,4-D in which a trace level detection is required 
(MAC level 0.1 p.g/L). The number of analyte-binding sites on the immuno-sorbents 
is a critical aspect, depending on several parameters such as density, purity, and 
activity of immobilised antibody. However, if a large amount of antibody is used, 
the immobilised antibodies can sterically hinder each other or silica pores can be 
blocked. Therefore, the accessibility and activity of the ligands are significantly 
reduced. Therefore, the value of antibodies for immobilisation procedures should be 
experimentally optimised. However, the capacity of immuno-sorbent can also be 
increased by production of pure and highly orientated immobilised antibody.
Selectivity could be a major advantage of immuno-columns over bonded silica 
phases and depends on both the nature of the antibody and the way that they are 
produced and immobilised. The specificity of the antibody toward the compound of
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interest can be an important parameter, resulting in a highly selective extraction 
column. This can make the column able to distinguish between the analyte and 
interfering sample constituents. However, the affinity of structurally related 
compounds can allow their retention. The results showed, there was some affinity 
to closely related phenoxyacetic herbicides i.e. MCPA, 2,4,5-T, and MCPB on the
2,4-D immuno-column. All three compounds are categorised in the same group. 
With application of phenylurea compounds, the results showed that, in the E2 
fraction, there was no elution of methabenzathiazuron (MEN), isoproturon (IPN), 
methoxuron (MXN), and atrazine (ATN), (see E2 fraction Table 7), very low elution 
of for chlortoluron (CTN) chlorobromuron (CBN), linuron (LNN), and a 
considerable elution for chloroxuron (CXN).
The 2,4-D column shows that, 2,4-D can be retained, then eluted in a single 1 ml 
fraction. The antibody column can distinguish between 2,4-D and MCPA which 
bonded silica cannot, however, cross-reactivity of the antibody with other herbicides 
does mean that there is some retention though it is not as strong as 2,4-D. 
Preliminary results were encouraging so further experiments were tried with better 
quality antibodies available for chlortoluron and isoproturon.
The results from the new batch of immuno-column showed that, the retention and 
elution processes of the 2,4-D achieved from the first batch was not reproducible, 
which could be due to either poor sensitivity/activity of the antibody or problems 
associated with the immobilisation procedure. Although the antisera used to make 
a new batch was the same as first batch, the results obtained were not reproducible.
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However, the batch to batch reproducibility, depends on the robustness of the 
procedure by which the antibody is immobilised and needs further investigation 
which was not considered in present study. Also there was a time delay of 8 months, 
so the antibody may not have been stable. \
4.3.2 Development of immuno-extraction procedure for chlortoluron and 
isoproturon
Immobilised antibody columns of the phenylurea herbicides, chlortoluron and 
isoproturon, were prepared and evaluated applying standard samples. The immuno- 
columns were initially washed with 20 ml 0.3% HC1 followed by conditioning with 15 
ml of PBS, pH 7.4. The standard samples were then individually passed through the 
columns and washed with PBS. Experimental procedures for recovery of the compounds 
were then optimised.
4.3.2.1 Optimisation of retention and elution processes for chlortoluron and 
isoproturon
In this study, the eluent composition and pH were considered during optimisation of 
desorption. After passing the sample through the columns, 5 x 1 ml PBS were used as 
a wash solution and the analytes were eluted with 2 x 1 ml ethanol /  PBS 50:50 (v/v). 
The concentration of samples for both chlortoluron and isoproturon were 0.1 gg/ml. 
After analysis of all fractions, no analyte was determined in breakthrough, 5 x 1 ml 
wash, and the first 2 x 1 ml elution fractions, demonstrating complete retention. As 
Table 8 shows analytes were eluted in the 4 x 1 ml elution fractions (E3 - E6)
111
Table 8 Recovery of chlortoluron and isoproturon from the immuno-columns using 
6 x 1 ml elution fractions. 1 ml of samples (0.1 pg/ml) were loaded on immuno- 
columns, B: breakthrough (1 ml), W1 - W5: wash solvent 5 x 1 ml PBS pH 7.4, E l - 
E6 elution solvent 6 x 1 ml ethanol /  PBS 50:50 (v/v) pH approx. 8, TR is total 
recovery of the compound eluted during elution steps, Comp. : compound, CTN 
chlortoluron, IPN: isoproturon.
Fraction
Comp B W1 W2 W3 W4 W5 El E2 E3 E4 E5 E6 TR
CTN 0 0 0 0 0 0 0 0 33 33 25 8 99
IPN 0 0 0 0 0 0 0 0 17 58 17 8 100
In order to elute the retained analytes in a small elution volume and make the samples 
more concentrated, the composition of eluent was changed. Desorption of chlortoluron 
and isoproturon with methanol /  ethanol /  PBS 25:25:50 (v/v) did not improve the 
elution process (Table 9). Methanol /  PBS 50:50 (v/v) also was not a suitable solvent 
to elute the analytes in a lower elution volume (Table 10). In these experiments only 
elution fractions were analysed. Using ethanol /  PBS with of more than 50% ethanol, 
gave an unclear (milky) solution which could not be used. Increasing the amount of 
organic modifier may cause dénaturation of antibody. Finally, manipulation of the eluent 
pH was used as an effective parameter. Glacial acetic acid was used to adjust the pH. 
In these experiments, ethanol /  PBS 50:50 (v/v) at low pH eluted both chlortoluron and 
isoproturon in a single 1 ml fraction without observing significant loss of the antibodies 
immuno-activity. Figures 28 and 29 show the results of using different eluent pHs for 
efficient elution of both analytes. As the results show, due to low binding capacity, the
columns were overloaded, resulting in elution of the analytes in wash fractions. Elution 
using optimal eluent was repeated for lower sample concentration (0.1 gg/ml) (Figure 
30), showing complete retention and quantitative recovery. Chromatograms are also 
shown in Figures 31 and 32.
Table 9 Recovery of chlortoluron and isoproturon from the immuno-columns using 
6 x 1 ml elution fractions. For each analyte, 1 ml of sample (0.1 p,g/ml) was loaded on 
immuno-column, B: breakthrough (1 ml), W1 - W5: wash solvent 5 x 1 ml of PBS pH 
7.4, E l - E6 elution solvent 6 x 1 ml of methanol /  ethanol /  PBS 25:25:50 (v/v). 
Wash fractions were not analysed in these experiments. Comp.: compound, CTN 
chlortoluron, IPN: isoproturon.
Fraction
Comp B W1 W2 W3 W4 W5 El E2 E3 E4 E5 E6
CTN - ....................................0 0 18 24 16 0
IPN - ....................................0 0 17 58 17 8
Table 10 Recovery of chlortoluron and isoproturon from the immuno-columns using 
6 x 1 ml elution fractions. For each analyte, 1 ml of sample (0.1 gg/ml) was loaded on 
immuno-column, B: breakthrough (1 ml), W1 - W5: wash solvent 5 x 1 ml of PBS pH 
7.4, E l - E6 elution solvent 6 x 1 ml of methanol /  PBS 50:50 (v/v). Wash fractions 
were not analysed in these experiments. Comp.: compound, CTN chlortoluron, IPN: 
isoproturon.
Fraction
Comp B W1 W2 W3 W4 W5 El E2 E3 E4 E5 E6
CTN o 0 0 0 27 62
IPN 0 26 18 12 8
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Fractions
Figure 28 The recoveiy of chlortoluron extracted from immuno-column using 
different eluent pHs (ethanol /  PBS 50:50, v/v), sample volume 1 ml, sample 
concentration 1 lig/ml, TR: total recovery of the sample eluted during wash and elution 
steps, B: breakthrough collected after sample application (1 ml), W1 - W5: wash solvent 
(PBS) 5 x 1 ml, E l - É6: eluent 6 x 1  ml.
Fractions
Figure 29 The recovery of isoproturon extracted from immuno-column using 
different eluent pHs (ethanol / PBS 50:50, v/v), sample volume 1 ml, sample 
concentration 1 fig/ml, TR: total recovery of the sample eluted during wash and 
elution steps, B: breakthrough collected after sample application (1 ml), W1 - W5: 
wash solvent (PBS) 5 x 1  ml, El - E6: eluent 6 x 1  ml.
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Figure 30 Recovery of chlortoluron and isoproturon using eluent pH 2 extracted 
from own immuno-columns; sample volume 1 ml; sample concentration, 0.1 pg/ml 
(TR). B: breakthrough, W: wash solvent, and E: elution fraction.
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Although ethanol / PBS 50:50 (v/v) pH 2 was successfully applied for desorption 
of analytes, the applicability and the influence of the following eluents were also 
evaluated:
-PBS at pH 2 
-ethanol (EtOH) at pH 2 
-acetic acid (HOAc) at pH 2 
-pure ethanol
All eluents were tested and applied individually. The breakthrough (B), washes (W) 
( 5 x 1  ml), and eluent fractions (E) (6 x 1 ml) were collected and analysed. As 
Tables 11 and 12 show PBS and acetic acid (HOAc) at pH 2 eluted the chlortoluron 
and isoproturon in two fractions, (i.e. E2 and E3). As can be seen, ethanol (EtOH) 
at pH 2 and pure ethanol eluted both compounds in a single fraction (E2). Ethanol 
/  PBS 50:50 (v/v) pH 2 is the optimal eluent, as chlortoluron and isoproturon were 
eluted in a single fraction. Total recovery (TR) is the total analyte eluted during all 
fractions.
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Table 11 Recovery of chlortoluron from the immuno-column using different 
eluents. 1 ml of sample (0.1 fig/ml) was applied. B: breakthrough (1 ml), W1 - W5: 
5 x 1 ml PBS as wash solvent, E l - E6: 6 x 1 ml eluent. Et /  PBS: ethanol /  
phosphate buffered saline 50:50 (v/v). EtOH: ethanol, HOAc: acetic acid.
Fractions
Eluents
Et/PBS pH2 PBS pH2 EtOH pH2 HOAc pH2 Pure EtOH
B 0 0 0 0 0
W1 0 0 0 0 0
W2 0 0 0 0 0
W3 0 0 0 4. 22
W4 0 0 0 9 22
W5 0 0 0 5 8
El 0 0 0 1 3
E2 99 43 113 65 42
E3 0 43 0 10 0
E4 0 0 0 0 0
E5 0 0 0 0 0
E6 0 0 0 0 0
TR 99 86 113 95 97
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Table 12 Recovery of isoproturon from immuno-column using different eluents. 
1 ml of sample (0.1 pg/ml) was applied. B: breakthrough, W1 - W5: 5 x 1 ml PBS 
as wash solvent, E l - E6: 6 x 1 ml eluent Et /  PBS: ethanol / phosphate buffered 
saline 50:50 (v/v). EtOH: ethanol, HOAc: acetic acid.
Fractions
Eluents
ET/PBS pH2 PBS pH2 EtOH pH2 HOAc pH2 Pure EtOH
B 0 0 0 0 0
W1 0 0 0 0 0
W2 0 0 0 21 35
W3 0 0 0 24 27
W4 0 0 0 9 12
W5 0 0 0 4 0
El 0 0 0 7 0
E2 93 74 104 31 35
E3 0 26 0 7 0
E4 0 0 0 0 0
E5 0 0 0 0 0
E6 0 0 0 0 0
TR 93 100 104 103 109
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4.3.2.2 Activated silica, non-immune serum and immuno-columns
In order to demonstrate that, the retention of chlortoluron and isoproturon were due 
to the immobilised immune antibodies, the elution profiles of the immuno-columns 
were compared with that of activated silica and an immobilised non-immune serum 
obtained from the same sheep before it was injected with chlortoluron or 
isoproturon. In this investigation, the optimised sequence of immuno-extraction was 
utilised. The results are shown in Figures 33 and 34. As 5 x 1 ml wash fractions 
were not enough to elute all non-retained analytes, 10 x 1 ml were applied and 
unbound analytes completely eluted during the wash stage. No target analyte has 
eluted from the immuno-columns with wash fractions. Chlortoluron and isoproturon 
were eluted in the single second 1 ml elution fraction.
100
&!
Act siŒX- Non-imm. serum
TR BT W1 W2 W3 W4 W5 W6 W7 W8 W9W10 El E2 E3 
Fractions
Imm. serum
Figure 33 Recovery of chlortoluron from extracted activated silica (Act. si), non- 
immune serum column (Non- imm. serum), and immune serum column (Imm. 
serum) using optimal immuno-extraction conditions. 1 ml of sample at concentration 
of 0.5 pg/ml was applied. 10 x 1 ml PBS (pH 7.2 - 7.4) as wash solvent (W1 - 
W10), 3 x 1 ml ethanol / PBS 50:50 (v/v) pH 2 as eluent (El - E3) was used.
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Figure 34 Recovery of isoproturon from extracted activated silica (Act. si), non- 
immune serum column (Non- imm. serum), and immune serum column (Imm. 
serum) using optimal immuno-extraction conditions. 1 ml of sample at concentration 
of 0.1 (ig/ml was applied. 10 x 1 ml PBS (pH 7.2 - 7.4) as wash solvent (W1 - 
W10), 3 x 1 ml ethanol / PBS 50:50 (v/v) pH 2 as eluent (El - E3) was used.
4.3.2.3 Evaluation of the immuno-column retention capacity
The mass capacity of chlortoluron and isoproturon immuno-columns was assessed. 
1 ml of different sample concentrations of the analytes were applied to the immuno- 
columns. In these experiments, the bound compounds were washed with 5 x 1 ml 
PBS followed by elution with 3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2. The results 
showed that, the maximum retention capacity for chlortoluron was 500 ng and for 
isoproturon 200 ng. Further experiment with isoproturon antibody column showed 
that, its capacity could be 100 ng. The results are presented in Tables 13 and 14 As
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results show, the retention capacity of the isoproturon column was 5 times lower 
than that of the chlortoluron column. The immuno-columns contained 0.5 g dry 
activated silica as a solid support and 100 pi of antisera for each column.
Table 13 The recovery of different sample concentrations applied to the 
chlortoluron immuno-column, sample volume: 1 ml. Frac.: fractions, B: 
breakthrough (1 ml), W1 - W5: wash solvent 5 x 1 ml PBS, El - E3: elution solvent 
3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Sample concentrations (pg/ml)
Frac. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
B 0 0 0 0 0 0 0 0 0 0
W1 0 0 0 0 0 0 0 0 0 0
W2 0 0 0 0 0 0 0 0 1 0
W3 0 0 0 ___0___ ^ 0 0 22 3 23 6
W4 0 0 0 0 0 3 22 16 22 14
W5 0 0 0 0 0 6 10 9 11 7
El 0 0 0 0 0 3 4 4 5 3
E2 100 87 120 101 116 89 45 67 44 77
E3 0 0 0 0 0 0 0 0 0 0
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Table 14 The recovery of different sample concentrations applied to the
isoproturon immuno-columns, sample volume: 1 ml. Frac.: fractions, B: 
breakthrough (1 ml), W1 - W5: wash solvent 5 x 1 ml PBS, El - E3: elution solvent 
3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Frac.
Sample concentrations (pg/ml)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
B 0 0 0 0 0 0 0 0 0 0
W1 0 0 0 0 0 0 0 0 0 0
W2 0 0 6 0 16 8 24 24 26 31
W3 0 0 30 28 40 39 39 38 42 37
W4 0 0 11 25 21 20 19 15 18 15
W5 0 0 4 10 7 7 6 4 5 3
El 0 0 0 3 1 2 2 2 2 0
E2 100 100 53 31 12 20 9 16 9 14
E3 0 0 0 0 0 0 0 0 0 0
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4.3.2.4 Immuno-selectivity of the columns
An ideal immuno-column should exhibit the ability to differentiate between analytes 
of interest and the interfering sample components. The specificity of chlortoluron 
and isoproturon immuno-columns towards a selection of herbicides was evaluated. 
The specificity of the immuno-columns to linuron, chlorbromuron, chloroxuron, 
isoproturon (with chlortoluron column), chlortoluron (with isoproturon column), and 
metoxuron was measured. In each experiment, 1 ml of standard (500 ng for 
chlortoluron and 100 ng for isoproturon) was applied and the optimised immuno- 
extraction protocol used. For each closely related compound, breakthrough (B), 10 
x 1 ml wash (W1 - W10), and 3 x 1 ml elution fractions (El - E3) were collected 
and analysed. The behaviour of both immuno-columns are given in Table 15 and 16.
The immuno-extraction system shows a considerable immuno-selectivity which is 
mainly due to the specific antibody-analyte interaction taking place in the immuno- 
columns. The experiments with the chlortoluron and isoproturon immuno-affinity 
columns indicated that, a number of closely related compounds showed some 
affinity and were retained on the columns. As Tables 15 and 16 show (see fraction 
E2), for both immuno-extraction columns, there was a similar affinity with 
chloroxuron (CXN), and a significant retention for chlorbromuron (CBN) and 
linuron (LNN), a little for methabenzthiazuron (MBN) and atrazine (ATN) (none to 
isoproturon), and none for metoxuron (MXN). As can be seen, affinity of 
chlortoluron (CTN) to isoproturon (IPN) and vice versa is low. In application of 
phenoxyacetic acids, 2,4-D, 2,4,5-T, MCPA, and MCPB, no compound was found
either in the wash solvent or in the elution fractions.
Table 15 Specificity of the chlortoluron immuno-column to a range of phenylurea 
compounds. 1 ml of sample (0.5 pg/ml) was loaded on column. Comp.: Compound, 
CXN: chloroxuron, LNN: linuron, CBN: chlorobromuron, CTN: chlortoluron, MBN: 
Methabenzthiazuron, IPN: isoproturon, MXN: metoxuron, ATN: atrazine, B: 
breakthrough (1 ml), w1 - w10: wash solvent 10 x 1 ml PBS, E, - Eg: elution solvent 
3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Fractions
Comp B Wi w2 w3 w4 w5 w6 w7 w8 w9 w10 E, Ez Eg TR
CXN 0 0 0 0 0 0 0 0 0 0 0 0 88 0 88
CBN 0 0 0 0 0 0 3 6 6 5 3 4 77 0 104
LNN 0 0 0 0 0 2 5 6 4 4 2 1 67 0 91
MBN 0 0 0 0 4 12 14 14 9 7 5 4 22 0 91
ATN 0 10 38 21 9 4 3 2 1 1 0 0 4 0 93
MXN 0 0 22 28 13 4 2 2 2 2 2 0 0 0 77
CTN 0 0 0 0 0 0 0 0 0 0 0 0 91 0 91
IPN 0 0 10 23 11 6 4 3 2 2 1 1 25 0 88
2,4-D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,4,5-T 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MCPA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MCPB 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 16 Specificity of the isoproturon immuno-column with a range of phenylurea 
compounds . 1 ml of sample at concentration of 0.1 pg/ml was loaded on column. 
Comp.: Compound, CXN: chloroxuron, LNN: linuron, CBN: chlorobromuron, CTN: 
chlortoluron, MBN: Methabenzthiazuron, IPN: isoproturon, MXN: metoxuron, ATN: 
atrazine, B: breakthrough (1 ml), w, - w10: wash solvent 10 x 1 ml PBS, E1 - Eg: 
elution solvent 3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Fractions
Comp B Wi w2 W3 w4 w5 w6 w7 w8 w9 Wio Ei e 2 e 3 TR
CXN 0 0 0 0 0 0 0 0 0 0 0 0 100 0 100
CBN 0 0 0 0 0 0 0 6 6 6 6 6 59 0 89
LNN 0 0 0 0 0 10 12 10 7 1 1 0 48 0 89
MBN 0 0 0 8 8 8 8 8 0 0 0 8 38 0 86
ATN 0 0 35 35 9 9 0 0 0 0 0 0 0 0 88
MXN 0 0 0 21 36 21 14 7 4 4 0 0 0 0 107
CTN 0 0 0 28 22 17 11 0 0 0 0 0 17 0 95
IPN 0 0 0 0 0 0 0 0 0 0 0 0 93 0 93
2,4-D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,4,5-T 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MCPA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MCPB 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
127
4.3.2.S Water volume breakthrough
The breakthrough volume capacity of the immuno-column was studied in order to 
evaluate the potential of the extraction system for trace enrichment of diluted analyte 
from water. Volume breakthrough is the volume of sample at which the immuno­
sorbents become unable to retain analytes from the sample. Although environmental 
samples such as water contain very low concentrations of chlortoluron and 
isoproturon, they do have potential interferences which may be co-retained. With 
drinking water samples it is often necessary to increase the volume in order to 
increase the sensitivity of the method. Therefore, the present work evaluated both 
chlortoluron and isoproturon immuno-columns for their capacity to retain the 
analytes from increasing volumes of water.
In order to evaluate the water volume breakthrough of the immuno-extraction 
columns, 1 ml standard samples of 0.5 gg/ml for chlortoluron and 0.1 pg/ml for 
isoproturon were diluted into different sample volumes, 1, 10, 20, 30, 40, 50, 70, 
100,150, 300,500, and 1000 ml of HPLC water and these were passed through the 
immuno-column. The columns were washed and eluted according to the optimised 
method. The results shown in Figure 35 demonstrated that, up to 1000 ml of sample 
could be run through the immuno-columns, without observing loss of recovery. As 
can be seen, the behaviour of both columns was similar and the analytes were still 
eluted in a single 1 ml elution fraction. No chlortoluron or isoproturon was eluted 
in any of the breakthrough (B), wash (W) or elution (E) fractions other than the E2 
fraction.
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Figure 35 The recovery of chlortoluron and isoproturon extracted from immuno- 
columns (E2 fraction) using increasing sample volumes. Sample concentration for 
chlortoluron was 0.5 pg/ml and for isoproturon was 0.1 pg/ml. Flow-rate was 1 - 
2 ml/min CTN: chlortoluron, IPN: isoproturon.
4.3.2.6 Evaluation of the influence of the sample flow-rate on recovery
Following demonstration of the feasibility of using large sample volumes, the effect 
of sample flow rate on immuno-extraction recovery was investigated. Flow rate 
ranges of 1 - 1.5, 2 - 2.5, 4 - 5, 6 - 7, and 8 - 1 0  ml/min were used. The higher 
flow rates were obtained using reduced pressure at the immuno-column outlet. In 
these experiments, 100 ml of deionised water spiked with chlortoluron and 
isoproturon were utilised separately on their own column and the same immuno- 
extraction sequence was employed. No significant reduction of recovery was found
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for sample flow-rates up to 4 - 5 ml/min for both compounds (Tables 17 and 18). 
The optimal sample flow-rate of 4 - 5 ml/min was repeated and a reproducible 
results obtained. The recovery was reduced at flow-rate of 7 - 10 ml/min and most 
likely the compounds were eluted in breakthrough, which is not detectable in 100 
ml. It may be concluded that strong interaction takes place rapidly between the 
antibody and analyte which was not influenced using flow-rates of 6 - 7 ml/min for 
chlortoluron and 4 - 5  ml/min for isoproturon. Therefore, trace enrichment from 
large sample volumes using the optimum sample flow-rate is possible. Using higher 
sample flow-rates would significantly reduce the extraction time if a large volume 
is to be concentrated.
Table 17 The recovery of chlortoluron using different sample flow-rates. Sample 
volume: 100 ml, (5 ng/ml). WI - W5: wash solvent 5 x 1  ml PBS, E l - E3: elution 
solvent 3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Sample concentration (ml/min)
Fractions 1 - 1.5 2 -2 .5 4 - 5 6 - 7 8 - 10
WI 0 0 0 0 0
W2 0 0 0 0 0
W3 0 0 0 0 0
W4 0 0 0 0 0
W5 0 0 0 0 0
El 0 0 0 0 0
E2 119 109 108 79 60
E3 0 0 0 0 0
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Table 18 The recovery of isoproturon using different sample flow-rate. Sample 
volume: 100 ml, (1 ng/ml). WI - W5: wash solvent 5 x 1 ml PBS, El - E3: 
elution solvent 3 x 1 ml ethanol /  PBS 50:50 (v/v) pH 2.
Sample concentration (ml/min)
Fractions 1 - 1.5 2 -2 .5 4 - 5 6 - 7 8 - 10
WI 0 0 0 0 0
W2 0 0 0 0 0
W3 0 0 0 0 0
W4 0 0 0 0 0
W5 0 0 0 0 0
El 0 0 0 0 0
E2 108 113 102 59 52
E3 0 0 0 0 0
4.3.2.7 Sample pH
The effect of sample pH on retention of chlortoluron and isoproturon on the columns 
was assessed. In this evaluation, sample pHs of 2, 4, 7, 9, and 11 were used. HC1 
and NaOH were used to adjust the pH and 1 ml of each sample at a concentration 
of 0.5 pg/ml for chlortoluron and 0.1 pg/ml for isoproturon was applied the 
immuno-columns. In these experiments, the optimised immuno-extraction protocol 
was employed and breakthrough (B), wash (W), and elution (E) fractions were 
collected and analysed. Tables 19 and 20 illustrate the effect of the sample pH on
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retention of both analytes showing the recovery obtained using different sample pH.
Table 19 The influence of sample pH on recovery of chlortoluron the columns. 
Sample volume 1 ml, (0.5 Jig/m)l. B: breakthrough (1 ml), WI - W5: wash solvent 
5 x 1 ml PBS pH 7.4, E l - E3 elution solvent 3 x 1 ml ethanol /  PBS 50:50 (v/v) 
pH 2, TR is total recovery of the compound eluted during elution steps.
Sample pH
Fraction 2 4 7 9 11
B 0 0 0 0 0
WI 0 0 0 0 0
W2 0 0 0 0 0
W3 14 16 0 17 17
W4 26 26 10 27 29
W5 14 15 11 13 14
El 6 5 6 5 6
E2 34 34 79 36 29
E3 0 0 0 0 0
TR 94 96 100 96 95
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Table 20 The influence of sample pH on recovery of and isoproturon the columns. 
Sample volume 1 ml, (0.1 |ig/nü). B: breakthrough (1 ml), WI - W5: wash solvent 
5 x 1 ml PBS pH 7.4, El - E3 elution solvent 3 x 1 ml ethanol /  PBS 50:50 (v/v) 
pH 2, TR is total recovery of the compound eluted during elution steps.
Sample pH
Fractions 2 4 7 9 11
B 0 0 0 0 0
WI 0 0 0 0 0
W2 28 18 6 21 22
W3 28 29 24 26 28
W4 0 5 0 5 0
W5 0 0 0 0 0
El 0 0 0 0 0
E2 39 42 71 42 42
E3 0 0 0 0 0
TR 95 95 101 94 92
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4.3.2.S Application of the high capacity immuno-columns
From the results described so far, the capacity of the immuno-columns are as shown 
(Table 21).
Table 21 Characterisation of low capacity immuno-columns.
Columns Amount of Amount of Maximum Minimum
dry activated antisera used retention detectable
silica capacity amount
Chlortoluron 0.5 g 100 pi 500 ng 5 ng
Isoproturon 0.5 g 100 pi 100 ng 5 ng
Higher capacity chlortoluron and isoproturon columns have been made to investigate 
the feasibility of increasing the retention capacity of both columns. For each 
chlortoluron and isoproturon antibody column, 500 pi antisera /  0.5 g activated silica 
was used. As shown in Table 22, for the chlortoluron antibody column the 
maximum retention capacity was increased from 500 ng (Table 21) to 1800 ng. It 
can be seen that, when 1800 ng chlortoluron is applied the column was overloaded 
and the compound begins to elute in wash and first elution fractions (W4 - El). 
Although elution of the compound with wash fraction continued with application of 
2 pg/ml, the extraction recovery obtained was significant.
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Table 22 Recovery of chlortoluron at different sample concentration using a higher 
capacity immuno-column, sample volume: 1 ml. Amount of dry activated silica: 0.5 
g, amount of antisera used for immobilisation: 500 pl. B: breakthrough (1 ml), W1 - 
W5: wash solvent 5 x 1 ml PBS pH 7.4, E 1-E 3  elution solvent 3 x 1 ml ethanol 
/  PBS 50:50 (v/v) pH 2, TR is total recovery of the compound eluted during elution 
steps.
Fractions
Sample concentrations (pg/ml)
0.5 0.7 1 1.5 1.8 2
B 0 0 0 0 0 0
W1 0 0 0 0 0 0
W2 0 0 0 0 0 0
W3 0 0 0 0 0 0
W4 0 0 0 0 1 8
W5 0 0 0 0 4 6
El 0 0 0 0 2 2
E2 99 101 120 107 92 91
E3 0 0 0 0 0 0
TR 99 101 120 107 99 107
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Table 23 Recovery of isoproturon at different sample concentration using a higher 
capacity immuno-column, sample volume: 1 ml. Amount of dry activated silica: 0.5 
g, amount of antisera used for immobilisation: 500 pl. B: breakthrough (1 ml), W1 - 
W5: wash solvent 5 x 1 ml PBS pH 7.4, E l - E3 elution solvent 3 x 1 ml ethanol 
/  PBS 50:50 (v/v) pH 2, TR is total recovery of the compound eluted during elution 
steps.
Sample concentrations (pg/ml)
Fractions 0.1 0.3 0.4 0.5 1
B 0 0 0 0 0
W1 0 0 0 0 0
W2 0 0 0 0 20
W3 0 0 15 12 33
W4 0 0 7 7 11
W5 0 0 0 0 3
El 0 0 0 0 0
E2 93 100 83 100 31
E3 0 0 0 0 0
TR 93 100 105 119 98
For the isoproturon antibody column the maximum retention capacity was increased 
from 100 ng (Table 21) to 400 ng (Table 23). The immuno-column was overloaded 
by application of 400 ng isoproturon, resulting in elution of analyte by wash 
fractions. However, the column has a capacity of retaining up to 500 ng of the 
compound. From the results, the higher capacity immuno-column are characterised 
as in Table 24.
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Table 24 The characterisation of high-capacity immuno-columns
Columns Amount of dry Amount of Maximum
activated silica antisera used retention capacity
Chlortoluron 0.5 g 500 pi 1800-2000 ng
Isoproturon 0.5 g 500 pi 300-500 ng
On the basis of these results, the retention capacity of both immuno-columns can be 
increased when a larger volume of antisera is used for immobilisation of antibody. 
Although the amount of solid support (activated silica) for chlortoluron and 
isoproturon was the same for the low and high capacity columns (Le. 0.5 g), 
activated silica is able to immobilise the larger volume of antibody. In other words, 
the density of immobilised antibody was increased allowing a higher retention 
capacity for both immuno-columns. However, overloading the solid support with 
antisera can cause blockage of the silica pores. The immobilised antibodies may also 
sterically hinder each other at this density, causing significant reduction in retention 
capacity of the immuno-columns.
4.3.2.9 Discussion of the results
The process of retention and elution of an antibody based extraction procedure is the 
most crucial aspects of the overall optimisation scheme. The compound of interest 
has to make contact with the bioactive sorbent in order to bind selectively to the
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solid phase. In this interaction, the analyte can be biologically recognised by the 
immobilised antibody and a selective adsorption can occur. The immuno-sorbent 
with attached analyte is then washed immediately after the retention stage in order 
to remove unbound material and interferences adsorbed to either the solid support 
or the immobilised antibody. The wash fraction may have to be repeated a number 
of times until the unwanted materials have been clearly removed. Washing can be 
performed by passing an appropriate buffer solution (i.e. PBS) through the sorbent. 
The elution of retained analyte from the immuno-column can often be a difficult 
stage in an immuno-extraction procedure. The compound can be eluted by changing 
the eluent pH, using a chaotropic agent to reduce the strength of the hydrophobic 
interactions (Phillips, 1989; Chase, 1983), and applying polarity reducing agents 
such as organic solvents. In general, ideal elution of a strongly adsorbed analyte 
should use an eluent which sufficiently decreases the affinity of the analyte for the 
immobilised antibody without causing dénaturation. On the basis of this, great care 
should be taken in planning the retention and elution processes of the immuno- 
extraction procedure in order to keep the antibodies bioactive.
Manipulating the pH of the eluent (ethanol /  PBS 50:50, v/v) was a suitable 
parameter for elution of the analytes from the immuno-columns. If the pH of the 
eluent is low enough, the binding forces between analyte and antigen can be 
disturbed and the immobilised antibodies may deform in a reversible manner. In 
other words, low pH eluents are able to slightly alter the structure of the antibody. 
In this case, deformation was reversible and reactivation of the immuno-columns 
was performed by flushing the column with an appropriate volume of PBS.
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As Tables 11 and 12 show, although ethanol (EtOH) at pH 2 eluted both analytes 
in a single fraction, using a pure organic solvent may affect the life of the immuno- 
columns. As can be seen (Tables 11 and 12), after using ethanol pH 2 as eluent, 
both chlortoluron and isoproturon were eluted by wash fractions (when acetic acid 
was used), showing the undesirable effect of organic solvent on antibody activity. 
Elution of analytes in two fractions with PBS and acetic acid (HOAc) at pH 2 
demonstrated that, some organic modifier was needed to improve the breaking of the 
antibody-analyte interaction and elute the compound of interest in a single 1 ml 
fraction. Addition of an organic solvent, in this case ethanol, may increase the 
hydrophobicity of the eluent in order to overcome the antibody-analyte interaction.
Comparison of the three types of columns i.e. activated silica, immobilised non- 
immune antibody, and immune immobilised antibody (immuno-column) showed that, 
the retention of chlortoluron and isoproturon were based on antibody-analyte 
interaction. The results (see Figures 33 and 34) established that, both compounds 
were weakly retained by activated silica (Act. si) and immobilised non-immune 
antibodies (Non-imm. Ab) of chlortoluron and isoproturon and gradually eluted 
during wash steps. In the case of the immobilised immune antibodies (Imm.Ab), the 
compounds were strongly retained without eluting during ten wash fractions and 
were easily eluted in a second 1 ml elution fraction. Tight interaction between 
antibodies and analytes plays the major role in strong retention of the herbicides. 
These results showed that, antibodies can be applied as an effective tool for isolating 
small molecules such as pesticides in sample preparation.
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The analyte binding capacity of each column depends on some important factors. 
First, the amount of antibodies immobilised on activated silica can significantly 
affect the immuno-columns retention capacity. The more antibodies immobilised, the 
greater the retention capacity that may be achieved. Second, the activity of the 
immobilised antibody also plays a vital role in the retention capacity of the columns. 
Therefore, great care must be taken when a high capacity immuno-column is made. 
In immobilising a high density of antibody, all immobilised antibody should be 
accessible and active. Otherwise, the retention capacity of the immuno-columns may 
be significantly reduced. It should be noted that the analyte binding site of 
immobilised antibodies should be free and easily available to the analytes. Third, the 
purity and orientation of the antibodies are other major parameters that must be 
considered (Lu et al., 1996). Unwanted proteins present in antisera may cause a 
significant reduction in the retention capacity of the column. These impurities may 
be co-immobilised from unpurified antisera leading to a low immobilised antibody 
density. However, the impurities may be deliberately used (as in this study) in order 
to co-immobilise with the antibody and make them well oriented. Finally, the 
stationary phase should present weak additional interactions so-called non-specific 
interactions. These interactions must be relatively insignificant compared with those 
between active groups and analytes. In this study, activated silica was used as a 
solid support. In view of the above, the method of antibody immobilisation and 
applied conditions may have a significant effect upon retention capacity of the 
immuno-columns. However, the immuno-extraction columns applied in this study, 
were prepared by adding unpurified antisera of chlortoluron and isoproturon to 
aldehyde activated porous silica. This part of the work was performed by ClifMar
Associates, Guildford, UK. Although the retention capacities obtained for 
chlortoluron and isoproturon were low, they were sufficient for trace analysis of 
compounds in environmental monitoring.
According to the results given in Tables 15 and 16, for both immuno-columns, the 
recoveries of compounds from chloroxuron (CXN) to metoxuron (MXN) were 
gradually decreased (see fraction E2) and phenoxyacedc acids were not eluted in any 
fraction. Retention of the acids could be due to greater affinity of compounds to the 
immobilised antibodies or a non-selective retention caused by their affinity to either 
activated silica or other proteins contained in antisera as used unpurified (Henderson 
et al., 1992). Although there are some similarities among the urons chemical 
structures, as illustrated in Figure 36, it is not possible to correlate the specificity 
with the structures. Some compounds such as chloroxuron and linuron with different 
structures to isoproturon have a high degree of affinity and some compounds with 
similar structures to chlortoluron like metoxuron were not recognised by the 
antibodies. Therefore, the difference in chemical structure of the compounds cannot 
alone explain the degree of affinity between analyte and antibody (Pichon et al., 
1995) and further studies are needed to find out the parameters affecting this 
phenomenon. The procedure for production, purification, and immobilisation of 
antibodies can also affect the specificity of the immuno-extraction columns.
However, if there is higher affinity of phenoxyacetic acids to chlortoluron and 
isoproturon immuno-columns, they can be used as a displacer in immuno-selective 
elution (Faijam et a l, 1991).
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The results given in Figure 35 clearly indicated that, the breakthrough of both 
analytes was due to the capacity of the columns for the compound of interest, and 
not to the volume of the water they were contained in. This finding allowed accurate 
measurement as low as 5 ng/L for both isoproturon and chlortoluron respectively 
using a signal-to-noise ratio (S/N 3:1). The investigation showed that, the detection 
limit of the technique is dependent on the detection system rather than the extraction 
procedure. Therefore trace enrichment from a large sample volume was possible.
Antibody as a protein is sensitive to solution pH passing through the immuno- 
column (as described earlier in elution process) and may be affected by use of 
extreme pH (either high or low). When an immobilised antibody column loses its 
reactivity, retained analyte can be released and eluted, or not retained when the 
sample is added at extreme pH. The results obtained from this study (Tables 19 and 
20) showed that, when either low or high sample pH were used, retention was less 
efficient and the unretained compound was eluted during the washing process. The 
immobilised antibodies of chlortoluron and isoproturon were stable when a sample 
pH of 7 was loaded and a tight interaction between analytes and their antibodies 
occurred. The analytes were eluted in the 1 ml E2 fraction according to the 
optimised protocol. Although quantitative retention and elution were performed (see 
Tables 19 and 20), some analytes were eluted in wash fractions which could be due 
to multiple use of columns (more than sixty times). However, it was reasonable to 
optimise the effect of sample pH on recovery. It should be noted that, during 
optimisation experiments, the spiked and standard samples had a pH of approx. 7, 
therefore, there was no need to adjust the sample pH during these experiments.
The optimal volume of antisera for immobilisation techniques is variable and should 
be experimentally tested. The results showed that (Tables 22 and 23), establishment 
of a high retention capacity immuno-column is possible. High binding capacity 
immuno-extraction columns may be used for large volume and concentrated 
samples. However, in environmental screening, trace analysis of analytes are to be 
analysed, so low volume of antisera can be used.
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4.3.2.10 Application of immuno-extraction to different spiked samples
The aim of these experiments was to investigate the effect of different matrices 
which would be more challenging than standards or pure water.
4.3.2.10.1 Drinking water sample
A study to test the feasibility of using the immuno-extraction method to analyse 
drinking water was carried out. 1 ml samples of each analyte (chlortoluron and 
isoproturon) were individually diluted to 10 ml with drinking water and separately 
applied to the appropriate immuno-column. The final sample concentrations were 
0.03 pg/ml for chlortoluron and 0.01 pg/ml for isoproturon. As there was no visible 
particulate matter, the samples were processed without any pre-filtration. In these 
experiments, the samples were immuno-extracted according to the present method. 
Wash and elution fractions were collected and analysed. Quantitative recovery was 
achieved for both analytes (91% for chlortoluron and 97% for isoproturon). The 
corresponding chromatograms are shown in Figures 37 and 38. During the analysis 
of fractions no analytes were detected in the wash fractions, indicating efficient 
retention by the immuno-sorbents. As shown in the chromatograms, no interferences 
were detected in the wash fractions at the analyte retention times. Clean 
chromatograms for unspiked samples (blank) were also obtained.
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4.3.2.10.2 Tap water sample
Since tap water came from a storage tank, it may be distinguished from drinking 
water by the presence of microorganisms. As the antibody is bioactive, it may be 
affected by these microorganisms in the tap water. 2 x 10 ml samples were spiked 
with 1 ml stock solution to yield final concentrations of 0.03 pg/ml and 0.01 pg/ml 
of chlortoluron and isoproturon respectively. The spiked water samples were passed 
through the columns at a flow-rate of 1 - 2 ml/min, using optimised conditions. 
Pesticides adsorbed were then eluted and analysed by HPLC. The chromatograms 
of these experiments are shown in Figures 39 and 40.
The results showed that, the tap water was as clean as the drinking water and both 
spiked samples of chlortoluron and isoproturon were recovered quantitavely (93% 
and 88% respectively). As Figures 39 and 40 show, the analytes were eluted in the 
second elution fraction (1x1  ml) and there was no interfering peak eluted in elution 
fraction 2, at the analytes retention times. In wash fraction 4 for spiked chlortoluron 
an interfering peak was eluted at a different retention time to chlortoluron.
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4.3.2.10.3 River water sample
River water samples contained solid particles in suspension. In order to avoid 
clogging the extraction columns, the sample was filtered and 2 x 10 ml aliquot were 
then spiked with chlortoluron and isoproturon making final concentrations of 0.03 
pg/ml and 0.01 pg/ml respectively. The same extraction method was performed 
followed by subsequent analysis of all fractions, both washes and eluents. Figures 
41 and 42 show the chromatograms of these experiments.
An increase in the ionic strength of aqueous samples leads to weakening of the 
interaction between analytes and water. This can improve the hydrophobic 
interaction between the immobilised antibody and analyte, resulting in an increase 
in the retention of chlortoluron and isoproturon, as they are hydrophobic organic 
solutes. Efficient clean-up by immuno-extraction was obtained, even with spiked 
river water as a dirtier sample matrix. As Figure 41 shows, for chlortoluron an 
interfering peak was eluted in wash 1 and 2 reducing with wash fractions 3, 4, and 
5. The chromatogram was clean at the elution fraction and analyte was quantitavely 
recovered by this fraction (94% for chlortoluron and 93% for isoproturon). A very 
clean chromatogram was obtained from the immuno-extracted unspiked (blank) river 
water. Although all fractions were analysed in this development phase, for real 
samples only the E2 fraction would be analysed. For the sample spiked with 
isoproturon, the chromatograms were also relatively clean and it was quantitatively 
eluted (93%) (Figure 42).
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4.3.2.10.4 Plasma sample
Plasma as a biological fluid may be considered for biological monitoring of 
chemicals such as pesticides absorbed by organisms. In practice, the analysis of 
pesticides in plasma is used when urinary tests are not applicable. It is an even more 
challenging matrix than river water. Therefore, it was decided to investigate the 
influence of this type of sample on the present extraction method.
In this application, 2 x 10 ml of plasma was spiked with chlortoluron and 
isoproturon individually. 2 x 1 ml of the spiked plasma were diluted with HPLC 
water (1:9 v/v). The final concentrations of diluted plasma were 0.03 pg/ml for 
chlortoluron and 0.01 pg/ml for isoproturon and these were used to evaluate the 
extraction column. Fractions of washes and elution were collected and analysed. 
Figures 43 and 44 show the chromatograms obtained from these applications. As 
can be seen in the chromatograms, for chlortoluron, some interfering peaks were 
eluted at the chlortoluron retention time by wash fraction 1. The chromatograms of 
wash 2,3,4, and 5 were relatively clean and no interfering peaks were eluted. The 
chlortoluron was quantitavely eluted by 1 ml of elution fraction 2 (111%). For the 
plasma samples spiked with isoproturon, the first and second wash fractions eluted 
the interfering compound and in the remaining fractions of washes and elution the 
chromatograms were clean followed by quantitative recovery for isoproturon 
(109%). In this study, unspiked plasma was also immuno-extracted according to the 
optimised extraction sequence. As can be seen, the blank plasma sample indicated 
no interfering peaks at either the chlortoluron and isoproturon retention times.
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4.3.2.10.5 Urine sample
The possible use of immuno-extraction for urine analysis was also investigated. 2 
x 10 ml of urine was spiked with chlortoluron and isoproturon individually. 2 x 1  
ml of the spiked urine were diluted with HPLC water (1:9 v/v) to make final 
concentrations of 0.03 pg/ml and 0.01 pg/ml respectively. The samples were 
extracted using the optimised procedure and subsequently analysed by HPLC. The 
chromatogram of these applications are shown in Figures 45 and 46. The results for 
chlortoluron showed that, quantitative recovery (93%) in one fraction was obtained. 
Highly efficient clean-up was achieved for the spiked urine sample. Very large 
interfering peaks were eluted in wash fraction 1, getting less with fractions 2, and 
3. By wash fractions 4, 5, and the first elution no interference was seen at the 
chlortoluron retention time. For isoproturon, quantitative recovery was also obtained 
(91%) in the second elution fraction. On the basis of the chromatograms obtained, 
two large interfering peaks were eluted in wash fraction 1, less in fraction 2, and 
even less with wash 3, 4, 5, and the first elution fraction. Blank urine was also 
extracted and analysed. As the chromatograms show, no interfering compounds 
appeared at the retention time of the analyte of interest. Figures 47 and 48 show the 
recovery obtained with application of all spiked samples.
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Figure 47 The immuno-extraction recoveries of all spiked matrices with 
chlortoluron. Sample volume 10 ml, sample concentration: 0.03 pg/ml, low binding 
capacity immuno-column, detailed in Table 21, was used. Dr.: drinking water, Riv.: 
river.
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Figure 48 The immuno-extraction recoveries of all spiked matrices with 
isoproturon. Sample volume 10 ml, sample concentration: 0.01 jig/ml, low binding 
capacity immuno-column, detailed in Table 21, was used. Dr.: drinking water, Riv.: 
river.
4.3.2.11 Stability and reusability of the immuno-columns
The properties of every batch of chlortoluron and isoproturon columns such as 
affinity, binding capacity, and selectivity did not alter significantly during their use 
(more than sixty extractions). Immuno-columns were stable with all elution solvents 
tested and with the different sample components. They were able to withstand the 
operating conditions such as the flow-rates used (1 - 10 ml/min) and pressure 
applied. There was no clogging of the columns during use. Every batch of both 
columns was used for more than sixty extractions including standards and spiked 
samples, demonstrating the reusability of the columns. After each experiment, it was 
necessary to regenerate the antibodies using PBS. It is remarkable that, the majority 
of elution processes were performed with eluent pH 2 without observing reduction 
of antibody activity.
4.3.2.12 Discussion of the results
Immuno-extraction methods optimised in this study showed that differences in the 
matrices spiked with chlortoluron and isoproturon did not affect recovery of the 
analytes. As the results show (Figures 47 and 48), quantitative recovery ranging 
from 91% to 112% for chlortoluron and from 86% to 109% for isoproturon were 
obtained for all spiked samples eluted in a single 1 ml elution fraction. In these 
investigations, effective clean-up was achieved for both spiked urine and plasma. 
Therefore, the present technique demonstrated the feasibility of extracting pesticides 
from a range of environmental and biological samples, promising the potential to
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perform trace analysis of the human exposure to such compounds. Biological fluids 
were however diluted before application to the columns.
Regarding the stability and reusability of the immuno-columns, multiple interactions 
(i.e. ionic, hydrogen bonding, and van tier Waals) governing the antibody-stationary 
phase bonding may help to keep the bioactivity of the antibodies. The type of 
immobilisation technique and the number of covalent bonds between the antibody 
and stationary phase can play a critical role with regards to the immuno-columns 
stability. The chemical stability of the stationary phase structure is also an important 
parameter to be considered. Degradation of the solid support leads to antibody 
leakage, resulting in less efficient recoveries. It is obvious that, the nature of the 
antibodies themselves is a key factor when they are produced. The type and nature 
of sample to be extracted may be another aspect which affects immuno-column 
reusability. However, the columns may be affected by repetitive applications of 
plasma and urine samples causing them to be less stable and not reusable. In 
general, some pre-treatment like filtration and dilution prior to immuno-extraction 
may prolong the life of immuno-columns especially when biological samples are to 
be applied.
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4.3.2.13 Method validation
In order to test the performance characteristics of the present method, the developed 
immuno-extraction technique was validated using spiked drinking water. A large 
homogeneous sample of spiked drinking water was prepared. Six 50 ml aliquots of 
drinking water spiked with chlortoluron and isoproturon plus blank were individually 
extracted for calibration curves. The final sample concentrations prepared were 0,
2.0, 1.4, 1.0, 0.60, 0.20, and 0.10 |ig/L. Linear standard curves (immuno-extracted) 
over the range 0.1 - 2.0 p.g/L were obtained each day for six days. They showed 
satisfactory linearity with correlation coefficients of 0.996 or greater for both 
chlortoluron and isoproturon. A representative calibration curve (day 4) for 
chlortoluron and isoproturon are shown in Figures 49 and 50.
4.3.2.13.1 Day-to-day reproducibility
Three different spiked samples (0.10,1.0, and 2.0 jig/L; 50 ml each) were extracted 
and analysed each day for 6 consecutive days to estimate, day-to-day reproducibility. 
The optimised immuno-extraction protocol was performed followed along with the 
optimum chromatographic conditions. The measurement of each analyte on each day 
of analysis was calculated by comparison with the extracted calibration curves 
generated on that day. The day-to-day variation or reproducibility of the method was 
assessed by calculating the mean, standard deviation (SD) and coefficient of 
variation (CV). The results are shown in Tables 25 and 26. The day-to-day 
reproducibility of the lowest level (i.e. limit of detection for 50 ml sample volume)
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varied considerably especially for isoproturon (see CV, Tables 25 and 26). 
Coefficients of variation at sample concentrations of 1 and 2 (ig/L decreased 
showing better precision of the method.
In this study, only the immuno-column extract (E2) was injected onto HPLC, with 
no further sample preparation, (i.e. no evaporation to dryness etc.) and no internal 
standard was added. Representative chromatograms are shown in Figure 51 for 
chlortoluron and in Figure 52 for isoproturon.
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Table 25 Sample concentration measured for day-to-day reproducibility of
chlortoluron spiked in drinking water. Sample volume: 50 ml.
Concentration added (|ig/L)
Day 0.10 1.0 2.0
1 0.13 0.8 2.0
2 0.09 1.2 1.9
3 0.10 0.8 1.9
4 0.12 1.0 2.1
5 0.09 1.1 2.1
6 0.09 1.1 1.7
Mean 0.10 1.0 2.0
SD 0.02 0.17 0.15
%CV 17.5 16.7 7.6
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Table 26 Sample concentration measured for day-to-day reproducibility of
isoproturon spiked in drinking water. Sample volume: 50 ml.
Concentration added (|ig/L)
Day 0.10 1.0 2.0
1 0.08 0.9 2.1
2 0.04 1.1 2.0
3 0.07 0.9 1.9
4 0.10 0.9 1.9
5 0.11 0.8 2.1
6 0.09 1.0 2.3
Mean 0.08 0.9 2.1
SD 0.03 0.10 0.15
%cv 31.0 11.5 7.2
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Figure 51 Representative chromatograms, showing chlortoluron immuno- 
extraction from 50 ml of drinking water, (a) non-extracted standard in HPLC water, 
(b) drinking water spiked with 1 fig/L chlortoluron extracted from 50 ml, (c) 
extracted drinking water blank. HPLC conditions as in Figure 13.
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Figure 52 Representative chromatograms, showing isoproturon immuno-extraction 
from 50 ml of drinking water, (a) non-extracted standard in HPLC water, (b) 
drinking water spiked with 1 pg/L isoproturon extracted from 50 ml (c) extracted 
drinking water blank. HPLC conditions as in Figure 13.
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4.3.2.13.2 Within-day reproducibility
Experiments were also undertaken to assess the within-day reproducibility. For this, 
3 different levels (0.10, 1.0, and 2.0 jig/L) were used. The experiments were 
performed on the first three consecutive days (on each day one concentration was 
analysed six times). In these experiments, 50 ml spiked sample volume were 
applied. The within-day reproducibility of the method was evaluated in the same 
manner as day-to-day. The results are shown in Tables 27 and 28.
Table 27 Sample concentration measured for within-day reproducibility of 
chlortoluron spiked in drinking water. Sample volume was 50 ml.
Concentration added (pg/L)
Experiment 0.10 1.0 2.0
1 0.10 1.1 2.0
2 0.10 1.3 2.0
3 0.11 1.2 2.4
4 0.08 1.2 2.2
5 0.10 1.1 2.0
6 0.10 1.1 2.3
Mean 0.10 1.2 2.2
SD 9.83 0.08 0.18
%CV 9.8 6.8 8.0
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Table 28 Sample concentration measured for within-day reproducibility of
isoproturon spiked in drinking water. Sample volume was 50 ml.
Concentration added (pg/L)
Experiment 0.10 1.0 2.0
1 0.10 1.0 2.0
2 0.08 0.7 1.8
3 0.08 1.0 2.1
4 0.07 0.9 2.0
5 0.12 0.8 1.8
6 0.08 1.1 2.0
Mean 0.09 0.9 2.0
SD 0.02 0.15 0.12
%cv 20.4 16.4 6.1
4.3.2.13.3 Column to column and batch to batch reproducibility
During this work, three batches (each batch included six columns) of chlortoluron 
and isoproturon columns were used. The immuno-extraction protocol optimised for 
the first column and batch was reproducible with the other columns and batches. It 
should be noted that, because the immuno-sorbents are bioactive material, these may 
be denatured under undesirable conditions. Therefore, the optimised immuno- 
extraction procedure was tested periodically at the time of losing extraction recovery 
and also when using new columns or batches.
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4.3.2.13.4 Recovery evaluation
One non-extracted standard in eluent (ethanol /  PBS 50:50, v/v, pH 2) at one point 
on the standard curves was applied in order to calculate the recovery on each day. 
In this experiment, quantitative recoveries were obtained for both chlortoluron and 
isoproturon throughout the method validation. Table 29 shows the recovery achieved 
for both analytes on each day.
Table 29 The recovery of chlortoluron and isoproturon from 50 ml spiked drinking 
water during 6 consecutive days.
Day
Recovery (%)
Chlortoluron Isoproturon
1 93 93
2 100 103
3 96 107
4 100 112
5 107 94
6 105 97
4.3.2.13.5 Limit of detection (LOD)
In order to determine the detection limit of the technique, 1000 ml drinking water 
samples were individually spiked with different amounts of chlortoluron and
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isoproturon. In this assessment, 5 x 1 ml standard samples of chlortoluron with 
concentrations of 500, 50,20,10, and 5 pg/L were diluted to 1000 ml with drinking 
water. The final concentrations made, were 500, 50,20,10, and 5 ng/L respectively. 
For isoproturon, 5 x 1000 ml drinking spiked samples were made with final 
concentrations of 100, 50, 20, 10, and 5 ng/L.
The samples were passed through the immuno-cartridges with a flow-rate of 4-5 
ml/min using the present extraction method. All fractions were collected and 
analysed. As Table 30 shows the detection limit achieved for both compounds were 
as low as 5 ng/L which is twenty times lower than the European Community (EC) 
recommended level (0.1 |ig/L), though the detectibility of the immuno-extraction is 
dependent on the detection system rather than the extraction procedure. Although the 
loading of 1000 ml sample on immuno-column is tedious and time consuming, 
achievement of a lower limit of detection allowed for less sample volume (twenty 
times) to be applied in the method validation experiments (i.e. 50 ml).
Table 30 The recovery results of chlortoluron and isoproturon from 1000 ml of 
drinking water at a flow-rate of 4 - 5 ml/min using a signal-to-noise (S/N 3:1) ratio 
of 3.
Sample concentrations (ng/L)
Compounds 500 50 20 10 5
Chlortoluron 95 91 90 96 88
Isoproturon 90 93 90 94 93
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4.3.2.13.6 Discussion of the results
Validation of the present method was essential to determine how robust the method 
was under routine use. Drinking water can be a suitable model as it may contain 
interfering constituents similar to natural water (Prapanontol, 1991). The immuno- 
extraction procedures for chlortoluron and isoproturon were reliable and reproducible 
from day-to-day and within-day. The coefficients of variation (%CV) of 17.5, 16.7, 
and 7.6 were obtained for 0.10, 1.0, and 2.0 |ig/L respectively for chlortoluron and
31.0, 11.5, and 7.2 respectively for isoproturon (for day-to-day). The CVs obtained 
for the lowest concentration, especially for isoproturon, were rather high (see Tables 
26 and 28). However, for higher concentrations, they were satisfactory. Similar 
results were obtained for within-day reproducibility.
The detection limits of the methods (S/N 3:1) for both compounds using a large 
water sample volume (1000 ml) could be 5 ng/L (twenty times less than EC 
recommended MAC level i.e. 0.1 pg/L) which allowed the reduction of the sample 
volume down to 50 ml in method validation experiments.
Reproducible and quantitative recoveries ranging from 93% to 107% for chlortoluron 
and 93% to 112% for isoproturon from spiked drinking water (50 ml) were possible 
(see Table 29). The column-to-column and batch-to-batch reproducibility of the 
optimised immuno-extraction procedure demonstrated the robustness of the 
immobilisation technique, and the immuno-extraction protocol for both chlortoluron 
and isoproturon.
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSION
5.1 General discussion
Due to the potential economic benefits of using chemicals such as pesticides, they are 
now widely used in the modem world for different purposes. Pesticides are a group of 
chemical compounds that distribute in surface water, soil, air, and the food chain, 
therefore, they are easily found in almost any human environment. Growing concern 
about the environmental and occupational exposure risk of toxic chemicals to public 
health has led to an increase in the need for a simple and reliable sample preparation 
procedure followed by a robust analytical method. As a result, the measurement of trace 
organic chemicals such as drugs, pesticides, metabolites, and other pollutants in 
biological and environmental samples has been a challenging and exciting task in recent 
years.
The aim of the present study was to look at the feasibility of using a highly selective 
extraction system based on antibody-antigen interaction for sample preparation of the 
herbicides 2,4-D, chlortoluron, and isoproturon using immuno-affinity columns. The 
quality of antibody to be used in an immuno-extraction protocol is of paramount 
importance in determining the success or failure of the system. The phenylurea 
herbicides chlortoluron and isoproturon were chosen as model compounds for 
immuno-extraction as there was a large quantity of good quality antisera available from 
previous work in the development of an ELISA (Katmeh, 1994). The technique 
developed may be used for other pesticides of interest in occupational and
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environmental fields if a suitable antisera towards the compound is available.
The popularity of SPE methods is growing as these use less solvent and can be easily 
automated. With these methods, it is also possible to achieve trace enrichment and 
clean-up in one step followed by chromatography. A wide range of solid phases are 
available and these use various different separation mechanisms to isolate and then 
release analytes. In general, the phases are suitable for the extraction of many analytes 
under similar conditions but they do not offer a high selectivity for a single analyte or 
closely related groups of analytes. Therefore, there is continued interest in the 
development of alternative sample preparation procedures.
In order to compare silica bonded phase extraction as a current method with immuno- 
extraction procedures, a silica bonded-phase method was optimised for the herbicides 
2,4-D and MCPA. Through the optimisation process it was found that, several factors 
needed to be taken into account. The most important consideration was that, the 
compound of interest should be capable of being readily adsorbed from the complex 
sample solution. Moreover, it was found that, adjustment of the sample pH is a major 
factor in order to achieve an efficient retention by the silica phase sorbent. After loading 
the sample onto the column, removal of interfering substances was performed with 
phosphate buffer containing 20% methanol. The retained compound was then eluted 
from the bonded silica with 1 ml methanol. To perform this step, the compound of 
interest must be desorbed in a small volume since it is usual to evaporate the solution 
to dryness and reconstitute the residue in a small volume, prior to chromatographic 
analysis. However, in this investigation, there was no need to evaporate the extract to
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dryness as the detection system was capable of detecting the analytes from 1 ml eluent. 
A Cl 8 bonded phase proved to be the most appropriate sorbent to retain the compounds 
efficiently, therefore, the mechanism of SPE followed hydrophobic interactions. Other 
different parameters such as sample concentration, elution solvent, sample volume, and 
sorbent type were considered in order to gain the optimum extraction conditions.
Silica phase extraction used for the herbicides 2,4-D and MCPA has proved to be 
quicker, more economical in terms of solvent used, much less tedious, and labour 
intensive than conventional methods based on LLE approach. However, these phases 
did not show a high degree of selectivity and the development of a highly selective 
sample preparation procedure is a challenging task. Unfortunately, the production of a 
good MCPA antibody for performing immuno-extraction was not successful, possibly 
due to the use of an unsuitable procedure for preparing the immunogen (Katmeh, 1994). 
Also, the immuno-method developed for 2,4-D was not reproducible, therefore, further 
optimisation of SPE as well as method validation were not continued. As a result, the 
comparative study between immuno-extraction and the existing method of silica bonded 
phase extraction for 2,4-D and MCPA was not possible. However, antibody mediated 
extraction was developed, since good quality antibodies were available for the 
phenylurea herbicides chlortoluron and isoproturon (Katmeh et al., 1996, 1994).
The present study has used antibody mediated extraction to demonstrate selective 
analyte-antibody interactions. The antisera developed for such immuno-methods 
provided a key reagent for antibody columns. The extraction columns were prepared by 
adding chlortoluron and isoproturon antisera to aldehyde activated porous silica
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individually. Unbound aldehyde groups were then deactivated using glycine.
The immuno-extraction sequence involved was simple and required inexpensive 
equipment available in the routine analytical laboratory. The duration of the 
immuno-extraction process followed by sample analysis for each application was less 
than 25 minutes including regeneration of the immuno-column, loading the 50 ml of 
sample, 5 x 1 ml wash, and 2 x 1 ml elution fractions. It makes the technique a 
desirable procedure for environmental analyses for rapid measurement of the analytes. 
Each immuno-column was stable to application of more than 60 extractions including 
standards and spiked sample of drinking water without observing significant loss in 
binding capacity. Therefore, the reusability of the immuno-columns may make them 
cost-effective. Although immuno-affinity chromatography has been used in recent years 
for various groups of compounds i.e. proteins and drugs, there are relatively few 
examples in the literature where immuno-extraction has been used for small molecular 
weight compounds such as pesticides for environmental monitoring (Pichon et al., 1995, 
1996). In these few examples, a large volume eluent has been used to desorb the analyte 
from column. Whereas, in the present method, efficient recoveries were achieved with 
just 1 ml of eluent allowing enrichment of the analytes.
Although the 2,4-D antibody column used in this study was unsuccessful, the 
immuno-extractions for chlortoluron and isoproturon were entirely reliable and robust 
within-day and from day-to-day with spiked samples of drinking water. In the Drinking 
Water Directive, no 80/778/EEC, the Maximum Admissible Concentration (MAC) has 
been set at 0.1 (ig/L for any individual substance in the group and 0.5 |ig/L for total
pesticides and related products. The immuno-extraction technique developed in this 
study had a limit of detection appropriate for monitoring of analyte of interest in the 
environment and workplace. Limits of detection down to 5 ng/L could be achieved for 
both analytes by pre-concentration of samples. Moreover, no negative effect on 
andbody-analyte interaction were observed using up to 1000 ml of spiked deionised 
water demonstrating, a very large sample breakthrough volume.
Both chlortoluron and isoproturon immuno-columns showed high specificity towards 
their analytes. However, there was some affinity towards a few closely related 
phenylurea herbicides were observed with each immuno-column. This could be an 
advantage when a series of compound in the same group are to be screened, specially, 
as chromatographic methods available for isolating and identifying the co-immuno- 
extracted compounds can be used for the separation. A very low affinity was found for 
atrazine and phenoxyacetic acids retained on columns without elution. The latter could 
be due to a non-specific interaction as antisera was used unpurified (discussed in section 
4.3.2.9). Confirmation is also possible using this approach.
Quantitative recoveries of herbicides chlortoluron and isoproturon were achieved from 
spiked samples in various matrices i.e. different water sources and biological fluids 
demonstrating the reliability of the methods and their applicability for the environmental 
and biological applications
GC and HPLC as robust analytical techniques have been used for measuring pesticide 
residue for many years. These methods are highly accurate and generally achieve
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adequate limit of detection. The GC-ECD technique involving derivatisadon was also 
used to improve the detection limit of the 2,4-D. This investigation showed that, the 
procedure was not efficient enough and the linearity was also poor. Many interfering 
compounds were detected by GC-ECD. Moreover, the problems associated with this 
stage may be transferred to the immuno-extraction procedure. Consequently, the 
evaluation of recovery results from extraction would not be reliable. On the basis of 
this, the HPLC conditions were modified to allow direct measurement of the extractants. 
The new conditions (as in Figure 18) improved the limit of detection down to 0.1 pg/ml 
which was compatible with the 2,4-D immuno-column capacity. However, the immuno- 
extraction optimised for the 2,4-D was not reproducible.
5.2 Further work
The field of using antibodies as a tool in environmental analysis is still new and further 
investigations are needed. Regrettably, the time of the study was limited and did not 
allow further work on the application of other matrices and the capability of the 
technique for on-line systems and automation. The present method should be evaluated 
for a wider range of analytes for which antisera are available e.g. drugs and other 
pesticides. The possibility of on-line combination of immuno-affinity extraction with 
HPLC offers a desirable feature in pesticide residue analysis providing the advantages 
of the chromatography automation and the high selectivity of the antibody-analyte 
interactions. However, this area of the work is to be continued, to broaden the role of 
immuno-methods for pesticides in chromatography, by other students at the Robens 
Institute, University of Surrey. Although the technique is a rapid, simple, cost-effective
method for measurement of environmental and biological samples, further work is 
required for the method to be generalised and automated. It is hoped that, 
simplification of the methods will allow more studies to be carried out in the important 
area of global environmental monitoring.
5.3 Conclusion
This work proved that, antibodies to chlortoluron and isoproturon can be successfully 
immobilised onto activated silica without observing significant loss of immune response. 
It has showed that, immuno-columns can selectively extract chlortoluron and 
isoproturon from a variety of matrices including different water sources and biological 
samples. It gave a "clean" sample for HPLC using a simple protocol involving PBS and 
ethanol at low pH. Using water as an example of an environmental matrix it was 
possible to pre-concentrate both analytes from up to 1000 ml of sample. A very low 
limit of detection (5 ng/L) was obtained with HPLC-UV followed by a simple retendon- 
desorpdon processes with no further sample preparation such as filtration, evaporation, 
etc. A mass range of 5 ng to 2000 ng for chlortoluron and 5 ng to 500 ng for 
isoproturon were retained on the immuno-affinity columns followed by desorbing into 
1 ml of modified buffer solution with an organic solvent. However, the lowest retention 
capacity was dependent on the detectibility of the chromatographic detection system and 
the largest retention capacity was dependent on the amount of the immobilised 
antibodies. As the procedures were based on solid-phase extraction, both on and off-line 
automation should be possible. Immuno-based solid-phase extraction offers a new 
approach using "tailor-made" columns either alone or in combination with other clean-
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up steps in the environmental and biomedical field. The novel sample preparation 
approaches in the present work have shown the extraction technique to be simple, rapid, 
sensitive and more cost-effective.
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